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The primary focus of this research project was to identify factors in the field
affecting survival and the environmental conditions affecting carpogenic germination of
pseudosclerotia of Monilinia vaccinii-corymbosi (MVC) which is a common fungal
pathogen of lowbush blueberry (Vaccinium angustifolium) in Maine. The interactions
between biological oranisms, such as fungi and insects with pseudosclerotia prior to and
during the overwintering process were investigated in the research outlined below. Fungi
from the surfaces of pseudosclerotia were screened as potential antagonists in a co-plate
experiment. Most of the potentially antagonistic fungi tested reduced the width of the
MVC reference cultures. These potential antagonists should be examined further for their
use in biological control. In 2015 and 2016, field experiments investigating possible
insect interactions with pseudosclerotia were set up to compare the loss of
pseudosclerotia from treatments with no cages to the losses inside cages with varying
sizes of mesh (ranging from 1, 4, 7 and 14 mm2). In both years, there were greater
numbers of pseudosclerotia remaining inside cages with the smallest mesh compared to

larger mesh cages, or treatments with no cages. In 2016, pseudosclerotia density did not
affect the disappearance of pseudosclerotia. No-choice laboratory experiments in 2015
and 2016 recorded insect interactions with pseudosclerotia in both years and most insects
damaged pseudosclerotia, with some families being more active than others. In the fall
season of three years, from 2014 to 2016, pseudosclerotia were collected from three to
five fields for use in field and laboratory experiments examining the effects of chill-hours
(800 to 3200 hours), post-chill air temperature and soil moisture on carpogenic
germination. In all three years, treatments with higher chill-hours accumulation produced
greater numbers of apothecia. A model was generated to predict carpogenic germination
and illustrated that the number of degree-days needed for 25% of the maximum number
of pseudosclerotia to produce apothecia decreased significantly with increasing chillhours. Additional incubation experiments were set up to observe carpogenic germination
over different chill-hour levels (1150, 1200, 1500, 1850, 2000 and 3000 chill-hours),
incubation temperatures (10, 13 and 16°C) and five percent soil moisture levels (50, 60,
70, 75 and 85%) combined over a two-year period. In both years, the highest chill-hour
levels produced the greatest amount of carpogenic germination, significantly more
apothecia germinated at 16°C compared to lower temperatures and soil moisture was a
significant predictor of the emergence of stipes, but not for apothecia. Pseudosclerotia
were collected from lowbush blueberry fields in Maine and all were placed in a common
garden experiment to determine if MVC was adapted to field location. In the field and
laboratory experiments, field location did not effect carpogenic germination from
pseudosclerotia.
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CHAPTER 1
INTRODUCTION TO MONILINIA VACCINII-CORYMBOSI AND ITS HOST,
VACCINIUM ANGUSTIFOLIUM
1.1 Vaccinium angustifolium Biology
The lowbush blueberry plant (Vaccinium angustifolium Aiton) is native to Maine
and is a member of the family Ericaceae. Plants in this family can propagate themselves
through a network of rhizomes, in which new shoots are genetically identical to the
parental stem (Bell et al. 2009). Lowbush blueberry fields are structured as a mosaic of
clones, which are distinguished from one another by their morphology and physiological
characteristics, such as: color of vegetative structures; shoot height and developmental
phenology (Bell et al. 2009). Native stands of V. angustifolium that naturally occur in the
forest understory have been managed commercially in New Brunswick, Nova Scotia,
Quebec, Prince Edward Island, Massachusetts and Maine since the early 1800’s
(Yarborough, 2009). Lowbush blueberries are harvested mechanically on leveled ground
and crops growing on rough terrain are raked by hand. After the fruit has been harvested
and V. angustifolium has gone into dormancy, the plants are pruned by either burning or
mowing to reduce competition from other types of vegetation and encourage the
development of high numbers of leaf and flower buds in the following year of vegetative
growth (Lambert, 1990). Stems produced in the next crop-bearing year give rise to bellshaped pink/white flowers that are primarily pollinated by bees, which are largely
imported honeybees (Yarborough, 2009; Drummond et al. 2009).
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Maine produces roughly 15% of all blueberries harvested in North America with a
historical average annual production in excess of 80 million pounds (Yarborough, 2009).
Nearly all of the berries that are harvested from about 22,000 acres per year are frozen or
canned by only a few companies in Maine (Yarborough, 2009). Although the price per
pound may vary, the lowbush blueberry industry can be valuable. For example, in 2007,
the lowbush blueberry industry generated an estimated $250 million dollars for the Maine
economy (Yarborough, 2009). To stabilize the economic gains from lowbush blueberry
crops in Maine, the maximization of yield is an imperative; by doing so growers increase
profit margins and remain competitive in a volatile market.
To maintain high yield and value in lowbush blueberry crops of Maine, a variety
of management practices have been adopted, such as: fertilization, mechanical pruning,
supplemental pollination, soil amendment, irrigation and pest management (Yarborough,
2009). There are many pests that can negatively affect the growth and development of V.
angustifolium, such as: weeds, insects and phytopathogenic fungi (Yarborough, 2009).
Although there are multiple groups of fungi that infect V. angustifolium, the focus of this
thesis is one particular fungal pathogen, Monilinia vaccinii-corymbosi, the causal agent
of mummy berry.
1.2 Monilinia vaccinii-corymbosi Biology
Monilinia vaccinii-corymbosi (MVC) belongs to the phylum Ascomycota, family
Sclerotiniaceae. This fungus can be identified based on the presence of pseudosclerotia
that produce fructicolous apothecia, macroconidia with unique structures called
disjunctors that facilitate in the dispersal of conidia in this species and others in the
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Monilinia genus (Millholland, 1977; Batra, 1983). Monilinia vaccinii-corymbosi is the
most widespread and economically damaging fungus found on blueberries in Maine
(Lambert, 1990). Mummy berry caused by MVC is extremely host specific, affecting
Vaccinium spp. hosts exclusively (Batra, 1983). This fungal pathogen has a complex life
cycle potentially involving stem, leaf and flower blight to both directly and indirectly
reduce yield in the host plant (Batra, 1983; Thompson and Annis, 2014).
Monilinia vaccinii-corymbosi has two common spore types, which cause two
different stages of infection (Batra, 1983). The first spore type acts as inoculum for the
primary infection stage of mummy berry, and starts with the emergence of apothecia in
the springtime from overwintered pseudosclerotia (Batra, 1983). Apothecia produce
wind-borne ascospores that land on emerging vegetative and reproductive tissues of V.
angustifolium plants, causing leaf and flower blight after a latent period lasting about 9
days after the initial infection event (Hildebrand and Braun, 1991). Host susceptibility is
greater in the spring, when leaf and flower buds are emerging, with hosts becoming less
susceptible as they mature (Hildebrand and Braun, 1991).
The presence of primary infection leads to secondary infection through the
production of asexual macroconidia, which infect healthy flowers (Millholland, 1977;
Batra, 1983). It has been hypothesized that MVC attracts insect vectors to diseased
tissues by producing attractive odors and reflecting UV wavelengths similar to blueberry
flowers, which is termed ‘floral mimicry’ (Batra and Batra, 1985). In bioassays of
infected and healthy plant tissues, it was found that infected tissue of V. corymbosum
contained high concentrations of volatile organic compounds (McArt et al. 2016). Upon
further investigation, the authors determined that two volatiles (cinnamyl alcohol and

3

cinnamic aldehyde) were particularly attractive to bee pollinators and found in relative
abundance in both infected leaf tissue and healthy flowers (McArt et al. 2016). Members
of the Orders, Hymenoptera, Lepidoptera and Diptera are most likely to visit infected
Vaccinium spp. tissue and pick up conidia (Batra and Batra, 1985, McArt et al. 2016).
Wind, water or insects transmit conidia, which are the spores that infect flowers
by mimicking growth patterns observed with pollen grains (Cox and Scherm, 2001b,
Shinners and Olson, 1996; Ngugi and Scherm et al. 2004). Secondary infection occurs
through the germination of fungal hyphae from conidia, which adhere to plant derived
proteins and pectins, and grow down the stylar canal until reaching the flower’s ovaries
(Shiners and Olson, 1996). Floral infection through the stigma is uncommon among
fungal pathogens, and requires a level of host specificity that distinguishes MVC from
many other fungi (Batra, 1983).
After colonizing the developing fruit, MVC causes the stromatization of host
tissue producing pseudosclerotia, which have a grayish appearance until the remaining
fruit exocarp has been shed (Milholland, 1977; Lehman and Oudemans, 1997). At the end
of the growing season, pseudosclerotia fall to the ground and overwinter on the soil
surface (Batra, 1983). Temperature and moisture in the soil surface environment can
influence the number of pseudosclerotia surviving to germinate in the following spring
(Cox and Scherm, 2001a). For example: low soil temperature, low moisture and a high
degree of stromatization over the summer significantly increased the probability of
survival of MVC pseudosclerotia from V. ashei in the lab (Cox and Scherm, 2001a).
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Over the winter months, MVC pseudosclerotia are reported to require a minimum
exposure to low temperatures during dormancy in order to produce apothecia in the
following spring (Millholland, 1977; Scherm et al. 2001a). The standard unit of measure
used to predict carpogenic germination of MVC in laboratory studies are referred to as
chill-hours, or the amount of time spent between 0-7°C during dormancy and before the
onset of carpogenic germination (Millholland, 1974; Scherm et al. 2001a). Chill-hours
are biologically significant for the host plant as well, in fact, V. corymbosum requires a
period of chill hour accumulation during the winter months ranging from about 900 to
1,100 hours to produce maximum yield (Lehman and Oudemans, 2000). Pseudosclerotia
collected from V. corymbosum have been reported to have similar chilling requirements,
which range between 900-1200 hours (Milholland, 1977). Scherm et al. (2001)
demonstrated a relationship between degree-days and chill-hours to predict apothecial
development. Pseudosclerotia accumulating large numbers of chill-hours are said to
require less degree-days to reach a relative maximum point of apothecial germination
(Scherm et al. 2001a). In contrast, pseudosclerotia experiencing low numbers of chillhours are said to require significantly longer in reaching the same relative maxima. The
authors interpreted the results of their model to suggest that MVC populations adapt to
changes in local environmental conditions through the interaction between chill-hours
and degree-days, which are both positively correlated with germination of apothecia
(Scherm et al. 2001a).
During the period of host susceptibility, there are several factors that contribute to
the production of mature apothecia from pseudosclerotia including: soil moisture, soil
temperature, air temperature, and light availability (Millholland, 1974; Scherm et al.
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2001a; Wharton and Schilder, 2005). For MVC pseudosclerotia to produce mature
apothecia, adequate soil moisture is required (Millholland, 1974). A laboratory study on
MVC from V. corymbosum in North Carolina reported that 42 percent moisture content
(PMC) resulted in the optimal development of apothecia (Milholland, 1974). Compared
to higher PMC treatments, 18 PMC was prohibitively dry, resulting in almost no
germination (Millholland, 1974). In another lab study assessing the germination of MVC
pseudosclerotia from V. corymbosum, no significant difference was detected between the
germination of pseudosclerotia that were observed germinating in aerated water
continuously compared to pseudosclerotia placed in moist sand (Scherm et al. 2001a).
Air temperature during carpogenic germination can greatly impact apothecial
longevity and ascospore release in MVC (Wharton and Schilder, 2005). Germination of
apothecia in laboratory experiments is favored below 20-21°C, with optimal apothecial
development at 15-16°C (Millholland, 1974; Wharton and Scilder, 2005). Carpogenic
germination is known to occur at 10°C, but less apothecia are produced compared to
16°C treatments in laboratory trials (Millholland, 1974). Incubating apothecia at freezing
temperatures led to a significant reduction in apothecial longevity and spore release
(Wharton and Schilder, 2005). Ascocarps can grow phototrophically, and commonly
produce mature spore releasing structures when stimulated by light, and favorable
environmental conditions. In MVC, the importance of light was first verified by
Millholland (1974) who noted that 50% of pseudosclerotia incubated under 16:8
day:night conditions produced apothecia whereas only 2% of pseudosclerotia kept in the
dark produced apothecia (Millholland, 1974).
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Leaf and flower bud phenology are hypothesized to be a strong selective pressure
on locally adapted populations of M. vaccinii-corymbosi given the level of host-pathogen
synchronization between the two species (Lehman and Oudemans, 2000). In a study on
V. corymbosum by Lehman and Oudemans (1997), pseudosclerotia from early-maturing
cultivars produced mature apothecia earlier compared to pseudosclerotia collected from
late-maturing cultivars. It is likely that local populations of MVC are adapted to emerge
and release ascospores during the time that susceptible host tissues are available (Lehman
and Oudemans, 2000). Blueberry hosts are only susceptible to primary MVC infection for
a limited time during leaf and flower bud emergence, in response to environmental
conditions (Hildebrand and Braun, 1991). The adaptability of this fungus has contributed
to its success in causing persistent infections across most of the blueberry growing
regions globally.
1.3 Disease Management
Monilinia vaccinii-corymbosi is closely co-adapted with its sole host genus,
Vaccinium, and requires management in most commercial blueberry systems. Globally,
the most widespread and damaging fungal pathogen on blueberries that requires control is
MVC (Ehlenfeldt et al. 2010). The most common management strategy is to apply
fungicide, as needed, early in the growing season. Common fungicides used include:
boscalid, chlorothalonil, fenbuconazole, fenhexamid, penthiopyrad, propiconazole and
prothioconazole (Annis and Yarborough, 2014). In a recent assessment of the fungicide
sensitivity of M. vaccinii-corymbosi, populations in commercially managed fields were
shown to be less sensitive to propiconazole, compared to MVC collected from wild areas
(Thompson and Annis, 2014). Propiconazole is a fungicide that has been used for over 17
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years, which gives reason for concern regarding the future effectiveness of this fungicide
against mummy berry in Maine (Thompson and Annis, 2014).
Synthetic chemical amendments to crops or soils are not permitted in organic
systems, leading to a greater demand for natural alternatives such as, cultural
management practices, and biological control agents (BCAs). Biological control products
are commercial formulations containing microbes developed to reduce the damage
caused by plant pathogens. There are a variety of different modes of action utilized by
commercial biological control products, such as: initiation of plant defenses,
mycoparasitism, competition, and biosynthesis of secondary metabolites such as cell wall
degrading enzymes (CWDE) or antibiotics (Brimner and Bolam, 2003). Mycoparasitism
refers to fungi that attack and kill other fungi, often through the use of fungal CWDE
(Sempere and Santamarina, 2008). For example: Penicillium oxalicum, acts as an
aggressive fungal antagonist through competition for resources and CWDE mediated
mycoparasitism to suppress Nigrospora oryzae, which causes grain spot on in rice and
other hosts (Sempere and Santamarina, 2008). Screening for alternative biological control
agents could be useful for mummy berry management both directly by improving control,
and indirectly by potentially reducing the need for synthetic chemicals associated with
groundwater pollution and other detrimental environmental effects.
Organic management strategies have been tested for efficacy in controlling
mummy berry during the primary infection phase with some success. McGovern et al.
(2012) tested biological control products containing T. harzianum, Bacillus pumilus, B.
subtilis and Streptomyces lydicus in Maine in V. angustifolium. Of all of the treatments
tested above, only one, B. subtilis or Serenade, was successful at controlling M. vaccinii-
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corymbosi (McGovern et al. 2012). Serenade was tested elsewhere and significantly
reduced hyphal growth rates of M. vaccinii-corymbosi growing on detached flowers of V.
ashei when directly applied to floral stigmas in lab experiments (Scherm et al. 2004).
Dedej et al. (2004) observed a significant reduction in the incidence of diseased fruit by
recruiting bee pollinators to vector the application of B. subtilis to V. ashei flowers and
leaves. This may be an effective method of organically managing secondary infection in
the field through hive-mounted dispensers (Dedej et al. 2004). Bacillus subtilis utilizes
two possible modes of action in initiating plant defense mechanisms and producing
antibiotics to inhibit the growth and development of plant pathogens (Wulff et al. 2002).
Many growers focus on controlling the disease by targeting the pseudosclerotia.
Scorching of fields with oil burning fires to prune plants has been shown to reduce
mummy berry in Maine compared mowing or mechanical pruning (Lambert, 1990).
Burning is effective at reducing the number of pseudosclerotia that survive through the
winter, but fuel is expensive and harmful emissions are released during the process
(Lambert, 1990). Burying of pseudosclerotia below 2.6cm of sandy soil has also been
observed to effectively reduce germination of apothecia in laboratory and field studies on
V. ashei and V. corymbosum (Milholland, 1974; Ngugi et al. 2002). In V. angustifolium
in Maine, mulch of 3-4cm depths were effective at reducing the number of stems with
blighted tissues, but is not scalable on the commercial level due to associated costs of
labor and materials (McGovern et al. 2012). Herbicides can inhibit carpogenic
germination of apothecia in the family Sclerotiniacae (Casale and Hart, 1986; Huang and
Blackshaw, 1995; Cox and Scherm, 2001b). In MVC on rabbiteye blueberry, the
application of herbicides both pre- and post-germination significantly reduced the
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percentage of pseudosclerotia that produced apothecia (Cox and Scherm, 2001b).
Although triazine and diuron were particularly effective on their own at reducing the
number of apothecia, another option that may be useful to commercial blueberry growers
is the application of nitrogen fertilizer in combination with herbicides (Cox and Scherm,
2001b). Ammonium thiosulfate as a fertilizer in a tank mix with broadleaf herbicides
could inhibit weed competition, reduce apothecia and provide nitrogen to Vaccinium
hosts all at the same time (Cox and Scherm, 2001b).
To improve mummy berry control, pseudosclerotia field plots are set up to
monitor the development of apothecia locally in the spring. Scouts should be sent to
fields frequently in the early spring to look for the presence of pseudosclerotia bearing
apothecia (Scherm et al. 2001b). Another way to increase detection of potential M.
vaccinii-corymbosi infections is to model the impact of environmental variables on the
severity of MVC infections in order to adapt management strategies accordingly. During
mummy berry season in Maine, environmental conditions are monitored in order to
predict infection periods and inform crop managers when to apply fungicide applications
(Annis et al. 2013). The mummy berry forecasting system (MBFS) is based on a
predictive model developed by P. Hildebrand and R. Delbridge (Annis et al. 2013). The
MBFS provides information to growers during the springtime mummy berry season using
weather stations connected via cellular networks (Annis et al. 2013). Similarly, Harteveld
et al. (2017) used weather stations and spore traps to monitor weather conditions during
the period of ascospore release and generated multiple different models to identify
favorable conditions leading to the development of apothecia and release of ascospores
by MVC in the Pacific Northwest (Harteveld et al. 2017). Effective field management of
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MVC requires a multi-faceted approach to managing the pathogen. Predictive modeling,
field scouting, conventional crop management and organic alternatives should all be used
in conjunction with one another to apply the maximum amount of pressure on MVC
populations existing in the field.
1.4 Other Alternatives
When studying pseudosclerotia in the field and in the lab, it became apparent that
other organisms were interacting with MVC pseudosclerotia prior-to, during and after the
overwintering process. In ecological systems, insects are associated with fungi in many
different ways. Some insects are polyphagous, meaning they have little to no dietary
restrictions. These individuals may indiscriminately feed on fungi based on competition
and resource availability (Wilding et al. 1989). Mycophagous insects selectively feed on
fungi usually through specialized feeding mechanisms (Wilding et al. 1989). In a member
of the Ascomycota (Daldinia spp.), larval and adult insects graze on both the hymenial
surface and within the fungal stromata (Wilding et al. 1989). Another species of beetle
(Acylomus pugetanus Casey) has been reported inside the sclerotia of Claviceps
purpurea, which is another phytopathogenic fungus that infects the host plant ovaries of
grasses (Tudzynski and Scheffer, 2004). Insects are unable to synthesize these sterols de
novo, thus they require an external source for dietary sterols to synthesize cholesterol,
and other compounds such as hormones (Behmer, 2017). This concept was first identified
in a laboratory study on cockroaches (Blatella germanica), where animals fed only
synthetic ergosterol tested postitive for only animal derived sterols after 50 days (Clark
and Bloch, 1959).

11

Collembolans have been observed feeding on the sclerotia and ascocarps of a
fungus closely related to MVC, Sclerotinia sclerotiorum (Williams et al. 1998).
Collembola have also been used in vitro to vector a mycoparasite (Coniothyrium
minitans) to healthy sclerotia of S. sclerotiorum (Williams et al. 1998). Similarly, larvae
of Bradysia coprophila feed on the sclerotia of S. sclerotiorum and may act as a vector
for Trichoderma harzianum (Anas and Reeleder, 1988b). Both small and large insects
have been observed associating with fungal sclerotia and other overwintering structures.
Some of the relationships between insects and fungi are purely antagonistic, in which the
insect directly harms the fungus by feeding on it. There are also indirect antagonistic
relationships between fungi, insects and sometimes mycopathogens, such as C. minitans.
It is unknown weather or not insects are interacting with MVC pseudosclerotia in Maine
during the overwintering process, but based on the observations from other fungi it is
likely that some groups of insects are interacting with pseudosclerotia in the field,
potentially as a source of nutrients.
Most of the scientific knowledge regarding mummy berry is based on highbush
blueberry. Given that highbush blueberry orchards are quite different than wild blueberry
stands, and the differences in climate between southern states and Maine; we decided to
investigate local MVC populations and environmental conditions to better predict the
response of the fungus in different environments. One major question that shaped the
direction of my research was: Are there organisms in the natural environment that
influence the number of viable pseudosclerotia? Another major question directing my
research was: To what extent do environmental factors influence the development of
apothecia by MVC pseudosclerotia in lowbush blueberry?
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CHAPTER 2
ECOLOGICAL INTERACTIONS INVOLVING MONILINIA VACCINIICORYMBOSI
2.1 Introduction
2.1.1 Microbe-Microbe Interactions
Little research has been conducted on the ecological interactions before
and during the overwintering process of MVC relative to other members of the biological
community, such as: insects, bacteria and other fungi. Understanding the interactions
between microbes can be useful for developing organically acceptable alternatives to
conventional crop management. Microbes inhabiting the same environment compete
directly with one another for natural resources. Microbial interactions are diverse and
complex in nature with the most direct relationships between microbes occurring through
intraspecific competition (Brimner and Boland, 2003). Intraspecific competition is
common during times of resource scarcity, particularly for those involved in growth and
development (Brimner and Boland, 2003).
Emergent alternatives to conventional crop management often utilize Biological
Control Agents (BCAs) that act as antagonists, parasites or competitors. Organic
alternatives should always be used, if possible, for a variety of reasons. First, BCAs
present an opportunity to reduce the environmental impact of crop management using
synthetic pesticides (Teng and Yang, 1993). Second, using BCAs can reduce collateral
damage to non-target organisms, which may be beneficial (Cook et al. 1996). Finally,
using BCAs can also decrease the odds of fungicide resistance by pathogens and
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potentially improve control (Cook, 1988). One alternative is a product called Serenade®,
a formula containing active cultures of Bacillus subtilis, which can be effective in
controlling primary infection of mummy berry caused by MVC (Dedej et al. 2004;
McGovern et al. 2012). In the field trial designed by Dedej et al. (2004), bees were used
to vector Serenade® to flowers directly, and this resulted in significantly lower
mummification rates in treatments treated with bees carrying Serenade® compared to
bees without the BCA. McGovern et al. (2012) compared multiple different organic
alternatives to fungicide control of MVC in lowbush blueberry fields in ME, and reported
that foliar application of SerenadeMax®reduced the incidence of secondary infection in
some fields compared to non-treated plots.
Microbial interactions are often divided into two categories, resource capture and
biological warfare (Sempere and Santamarina, 2008). Niche overlap has been assessed
using MVC as a test subject in vitro using antagonistic microbes as competitors
(Thornton et al. 2008). The authors reported that B. subtilis and Trichoderma harzianum
both significantly reduced radial growth when co-plated with MVC (Thornton et al.
2008). Although BCAs have been tested in commercial blueberry production, there are
no studies on the use of naturally occurring enemies to combat carpogenic germination
from MVC pseudosclerotia. If other fungi inhibit carpogenic germination or parasitize
carpogenic structures, it could be an effective strategy to recruit fungal antagonists for
disease management.
Antagonistic fungi can attack other fungi with multiple different modes of action.
One common mode of action is the synthesis of antibiotic compounds (Brimner and
Boland, 2003). Fungal antagonists can also synthesize cell wall degrading enzymes
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(CWDEs) to penetrate fungal host tissues and take up nutrients (Sempere and
Santamarina, 2008). Some species of fungi produce reactive oxygen species (ROS) when
contacted by foreign microbes in order to disrupt the competitor cell walls (Tornberg and
Olsson, 2002; Eyre et al. 2010; Ujor et al. 2018). Another defense mechanism fungi have
against other microbes, particularly fungal antagonists is the production of volatile
organic compounds (VOCs) such as aromatic compounds (El Ariebi et al. 2016).
Mycoparasitic fungi specialize on other fungal hosts for resources, sometimes
through the use of CWDE and ROS (Elad, 1995; Nawrocka and Malolepsza, 2013). For
example, some strains of Trichoderma spp. specialize on other fungi as their primary
source of nutrients (Elad et al. 1982; Liu and Yang, 2005). Microbial interactions
typically involve multiple different stages, such as: mutual recognition, direct antagonism
and eventually host tissue penetration (Benitez et al. 2004). For example, Sempere and
Santamarina (2008) reported that the common soil fungus, Penicillium oxalicum, was
able to successfully inhibit the fungal pathogen, Nigrospora oryzae, through direct
antagonism. Direct antagonism often uses lytic enzymes disrupting fungal cell walls,
which are primarily composed of chitin and laminin (Sempere and Santamarina, 2008).
Lytic enzymes are used by Penicillium purpurogenum to control a species related to
MVC, Monilinia laxa, the causal agent of brown rot (Larena and Melarejo, 1996). The
primary CWDEs used by P. purpurogenum were categorized as chitinase and beta-1-3
glucanase (Larena and Melarejo, 1993). The biosynthesis of antagonistic compounds,
such as CWDE and ROS not only release host-derived resources, but also give fungal
pathogens an opportunity to gain entry into host tissues (Elad and Evensen, 1995) and
secure an area for individual growth and development.
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2.1.2 Insect-Microbe Interactions
Polyphagous insects are generally unrestricted in their diet, and will feed on fungi
opportunistically or during times of resource scarcity (Wilding et al. 1989). Relatively
few groups of insects are considered mycophagous, and those that are feed almost
exclusively on fungi, often with specialized mouthparts (Wilding et al. 1989). Clark and
Blotch (1959) found roaches (Blatella germanica) fed only synthetic ergosterols for 50
days tested positive for only animal derived cholesterol; demonstrating they could use
fungal-derived nutrients. Insects are not able to synthesize cholesterol without an external
biological source, which are necessary for the synthesis of hormones and other biological
compounds (Behmer, 2017). Fruiting bodies, hyphae and sclerotia offer a rich source of
ergosterol and other nutrients, which can be consumed by different groups of insects
(Anas and Reeleder, 1988a; Chauvat et al. 2014; Wilding et al. 1989). The fungal
nutrition in pseudosclerotia could also be attractive to insects.
Pseudosclerotia produced by MVC are part host plant tissue and part fungal
tissue. During secondary infection, MVC conidia infect via the gynoecial pathway to
reach the ovaries of developing fruit, and infection is more likely in Vaccinium spp.
flowers that have already been pollinated (Shinners and Olson, 1996). Plant ovaries that
are not pollinated result in aborted fruit, which reduces the likelihood of colonization by
MVC (Ngugi and Scherm, 2004). Pollination of infected flowers colonized by MVC
commonly results in seed development inside the pseudosclerotia. The combination of
fungal tissue and seeds inside pseudosclerotia may represent a legitimate pool of
resources that might be utilized by insects in the field. Fungivorous members of the
rhizosphere such as, nematodes, macroarthropods and microarthropods are likely to
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utilize the natural resources contained in structures such as pseudosclerotia (Hedenec et
al. 2013). It is unknown whether or not insects have preferences towards consuming
pseudosclerotia although soil mesofauna, such as Collembolans have been observed to
selectively graze on certain fungi when given a choice (Hubert et al. 2004).
There are multiple reports of insects feeding on and within sclerotia (Anas and
Reeleder, 1988b; Tudzynski and Scheffer, 2004; Williams et al. 1998). A species of
beetle (Acylomus pugetanus) has been observed to feed inside the sclerotia of Claviceps
purpurea, which is also plant pathogen (Tudzynski and Scheffer, 2004). Collembolans
are microarthropods that have been observed to feed on the sclerotia and ascocarps of
Sclerotinia sclerotiorum and can also vector the mycoparasite (Coniothyrium minitans) to
healthy sclerotia (Williams et al. 1998). Larvae of the Dark-winged fungus gnat
(Bradysia coprophila Linter) feed on S. sclerotiorum and may act as a vector for
Trichoderma harzianum to sclerotia, offering a potential opportunity for biological
control (Anas and Reeleder, 1988b). The diverse array of ecological interactions between
insects, fungal pathogens of other fungi, and plant hosts presents an exciting opportunity
to use BCAs and natural vectors to combat phytopathogenic fungi. If insects could be
used to target pseudosclerotia, there is a potential to directly reduce germination through
insect consumption, and there may be indirect reduction in germination through microbial
inhibition mediated by insect vectors. The research objectives relative to fungus-MVC
and insect-MVC interactions are outlined below.
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2.1.3 Research Objectives
1. Determine if fungi colonizing MVC pseudosclerotia are antagonistic to MVC.
3. Determine if animals in the field during the fall interact with or consume MVC
pseudosclerotia.
4. Determine if insects from blueberry fields will consume or degrade pseudosclerotia in
no-choice lab experiments.
2.2 Materials and Methods
2.2.1 Fungal Antagonism
After observing other fungi growing on the surface of some field-collected MVC
pseudosclerotia prior to and during carpogenic germination, we decided to design an
experiment to screen for potentially antagonistic fungi. The potential fungal antagonists
were isolated from pseudosclerotia used in the 2014/2015 incubation experiments.
Approximately 40-50 pseudosclerotia from four different fields (Appleton, Montegail 1,
Spring Pond 1 and Liberty) were used for isolation. Pseudosclerotia were surface
sterilized by periodic agitation in 70% ethanol for one minute, 10% bleach solution for
four minutes, and then rinsed in distilled water for one minute, three times. After
sterilization, pseudosclerotia were cut in half and placed on malt yeast agar plates (MYA:
15 g Agar, 10 g Malt Extract, 3 g Yeast Extract in 1 L water) plates. Pseudosclerotia
halves were incubated at 20°C in the dark for one week to let potential fungal antagonists
grow prior, after which they were transferred onto new MYA plates. All antagonists were
stored on MYA slants at 4°C in the dark until used in the co-plate trials.
In the spring of 2015, conidial isolates of MVC were obtained through the
collection of V. angustifolium stems that had symptoms of primary infection from fields
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in Stockton Springs and Appleton, ME. Infected leaf tissue bearing conidia were shaken
over MYA plates to release MVC conidia onto the medium. After one week, the cultures
were examined and MVC isolates were transferred from mycelia that appeared to have a
single point of origin. Potential antagonists were also isolated from the contaminants
growing on plates during the MVC conidial isolation process. Pure cultures transferred
from MVC conidia were stored on MYA slants in the dark at 4°C.
In co-plate trials, both MVC and potential antagonists were grown on MYA for 710 days prior to being transferred. To start the trials, mycelial agar plugs (5mm in
diameter) for both the potential antagonist and the control culture were placed 3cm from
one another, and incubated at 20°C in the dark. Control MVC and antagonist cultures
were incubated alone in the same position on the plate as experimental treatments. Each
treatment and control culture was replicated three times. The MVC isolate LC09B was
used as the culture of reference in all MVC control and co-plate treatments cultures.
Control and treatment cultures were examined after six days of growth. Length and width
measurements (cm) were recorded from the center of the parent mycelium plug to the
maximum extent of the each culture on a standard axis. To test differences in length and
width of treatments and controls, a one-way ANOVA was used with a Tukey’s pairwise
comparison for post-hoc analysis. All data analyses were run in R version 3.3.2 (R Core
Team, 2012). The residuals from the ANOVA model were assessed with a Shapiro-Wilk
test to ensure the residual standard error terms were normally distributed. The null
hypothesis in the Shapiro-Wilk test for normality is that residuals are normally
distributed, thus only the p-values above 0.05 indicate normally distributed residuals. The
p-value for the Shapiro-Wilk test for normality that was run on the length and width
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ANOVA models’ residuals indicated that the residuals were normally distributed (p=
0.07 and 0.27, respectively) and thus the models met the necessary assumptions to be
reported as significant.
2.2.2 Field Exclusion Experiment 2015
To assess the level of interaction between pseudosclerotia and ground dwelling
animals, an exclusion mesh trial was designed to compare disappearance rates between
different groups of pseudosclerotia with varying levels of exposure starting on 9/1/2015.
This experiment was set up at Alexander’s Wild Blueberries in Greenfield, ME using
four randomized blocks with six different treatments in each. The experimental area had
been mechanically harvested, but not pruned. The positive control was a 1mm2 mesh
cage with a 1mm2 mesh bottom and a negative control was completely exposed with no
mesh cage. The four treatments were: a 1mm2 mesh cage with no mesh bottom, a 4mm2
mesh cage with 1mm2 mesh bottom, a 7mm2 mesh cage with 1mm2 mesh bottom and a
14mm2 mesh cage with 1mm2 mesh bottom. All of the treatments contained 25
pseudosclerotia that were all collected from the Spring Pond field in Deblois, ME in
preparation for the common garden and incubation experiments outlined in Chapter 3 of
this thesis. The first block was 1m from the edge of the field and subsequent blocks were
placed deeper into the field interior at 5m increments (6m, 11m and 16m from the field
edge). Each block was then staggered so they were not in line and separated by at least
10m in distance from other. Each treatment area within each block was separated by
approximately 0.3 m.
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Blocks were rated either daily or every other day during September of 2015 for
the number of pseudosclerotia inside each plot, and the number of pseudosclerotia
outside each plot. Only whole pseudosclerotia with grayish appearances were placed in
the plots, so qualitative measurements of the condition of pseudosclerotia were also
recorded. Pitfall traps were four-inch diameter plastic containers with no lid placed at
ground level into a hole made by a golf-hole digger. Ethylene glycol was used as an
attractant and killing agent, and insects were collected and recorded weekly in pitfall
traps to describe the local insect population. Pitfall traps were replaced with live traps
after three weeks in order to build up a population of field-collected insects to be tested in
the lab. Live traps were the same size as pitfall traps, which were placed in the same
holes as pitfall traps and filled halfway with wetted newspaper to keep specimens alive
until they were sorted into separate containers. Live insects were collected in field traps
and moved to 4° cold storage in plastic containers that had wetted newspaper for
humidity and cover with air holes in the lids. Live specimens were stored for about a
week before use in no-choice lab experiments.
Both deceased and living insect specimens were identified to family using
morphological traits. The only insects that were identified to species were the ones used
in no-choice lab experiments. Five representatives from each species collected were
pinned and labeled to have a record of the individuals collected from the field and
reference individuals used in lab studies. Analysis of variance (ANOVA) was used to see
if the number of pseudosclerotia remaining in each plot at the end of the trial differed
among cage sizes. Pairwise comparisons were assessed using Tukey’s HSD to see if there
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were any significant differences between treatments and controls. All statistical tests and
plots were performed in R (R Core Team, 2012).
2.2.3 Field Exclusion Experiment 2016
Cage experiments were set up at BBHF in Jonesboro, ME from September 1-October 13,
2016. A randomized block design was used to set up this experiment in two locations in
the field. The first location was 1m from the field edge adjacent to a small gravel road
and the surrounding forest, and the second was located 50m into the field, roughly in the
middle of the field. For each field location, there were four blocks and each contained
eight different treatments separated by 1 m from each other. Exclusion mesh treatments
were used to detect the size of organisms interacting with the pseudosclerotia. One
control was a full 1mm2 mesh cage including a 1mm2 mesh bottom, and a second control
had no cage. The other exclusion treatments were cages with mesh sizes of either 4 mm2
or 14 mm2. These four treatments each contained 30 pseudosclerotia. Four additional
treatments were added to each block to see if there were any responses to increasing
densities of pseudosclerotia. These four treatments had 3, 9, 27 or 81 completely exposed
pseudosclerotia. All of the pseudosclerotia used in the cage trials and density trials were
collected from the Junior Grant field in Deblois, ME in early September 2016. At the
beginning of the experiment, none of the pseudosclerotia were damaged, and generally
most of the pseudosclerotia had a grayish coating on the outside. The number of
pseudosclerotia within each plot area, and the number of pseudosclerotia visible outside
of each plot area were recorded weekly. To assess the quality of the pseudosclerotia in
each treatment, the numbers of pseudosclerotia with and without exocarps, and damaged
pseudosclerotia were recorded weekly. Insects were captured in pitfall traps to inventory
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invertebrate populations in the field, as in 2015. One pitfall trap was set up within each
block for a total of eight traps. All treatments and pitfall traps were checked weekly.
After 4 weeks, pitfall traps were replaced with live-traps to collect insects found in high
density for laboratory trials. Insects collected from pitfall traps were sorted and identified
to family.
2.2.4 No-choice Lab Experiment 2015
The most common species that were caught in the 2015 field exclusion
experiment were used in no-choice lab trials to simulate insect-fungus interactions that
may be occurring in the field in the fall. The three groups of test subjects are listed as
follows: field crickets (Gryllus pennsylvanicus), dung beetles (Onthophagus orpheus) and
ground beetles (Harpalus rufipes). Three mature (hard, black pseudosclerotia aged at
least 1yr) and three immature pseudosclerotia (softer, gray collected about 3 months prior
to use) were placed on top of a wetted filter paper inside a glass petri dish. One insect
was added to each container and the physical status of all pseudosclerotia was recorded
daily for 72 hours. Six individuals from the three species listed above were used in the
2015 no-choice lab experiment. There were other subjects used in the study, but we could
not collect enough specimens of some species to include the results in the ANOVA used
on these data, due to the unbalanced number of observations between groups.
In order to categorize the status of pseudosclerotia, different damage classes were
used: superficial damage, structural damage, hollowing of contents and complete
destruction. The presence/absence of the exocarp of immature pseudosclerotia was also
recorded daily for 72 hours. All of the damage classes were averaged across reps for a
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given species to compare differences between insect groups using an ANOVA for all of
the damage classes. A Tukey’s HSD pairwise comparison was run on the ANOVA model
to validate differences between groups. A Shapiro-Wilk test was run on the model
residuals to test for a normal distribution of residual errors. In the event that a model did
not have normal residuals, a nonparametric alternative Kruskal-Wallis chi-squared was
used in relation to insect group and maturity of pseudosclerotia for each damage class.
2.2.5 No-choice Lab Experiment 2016
The 2016 no-choice lab insect trials used similar methods to the prior year, but only two
families of insects were tested (Families: Carabidae and Gryllidae). Immature
pseudosclerotia were the only ones used in this trial, because that is the stage of
development MVC is in during the time when potential interactions may be occurring in
the fall. Damage classes were: superficial, structural, hollowing and complete destruction.
At the BBHF field site, live traps were not successful in collecting sufficient numbers of
test subjects for use in the 2016 no-choice experiment (Figure 2.2). In order to run the nochoice trial in a second year, insects were collected from underneath plastic sheeting on
the soil surface at Rogers Farm in Orono, ME in early October 2016. Only two groups of
insects were collected in large enough numbers to justify using them in the 2016 nochoice lab experiment and these were six field crickets (Gryllus pennsylvanicus) and 20
ground beetles (Harpalus rufipes). Because the number of individuals was not balanced,
an ANOVA was not used to compare the differences between the two species.
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2.3 Results
2.3.1 Fungal Antagonism
In total, 47 cultures of potential fungal antagonists were isolated from the surfaces
of infected pseudosclerotia, and 19 of these were used in the co-plate analysis. One
common species amongst these isolates was an unidentified species of Penicillum. In coplate trials, there were no significant differences in the average length of MVC control
cultures (average 5.67 cm) compared to MVC cultured in the presence of another fungus.
Although the length of MVC cultures did not differ significantly, an ANOVA indicated
width differed significantly between MVC isolates (Table 2.1). The MVC control was
significantly wider than most of the MVC co-plated cultures at an average width of 4.97
cm (Table 2.1). Based on the pairwise comparison (Table 2.2), 16 of the potential
antagonists had significantly narrower co-plated MVC cultures than the control MVC
cultures. Only three of the antagonist cultures tested, D2A2, U1B1 and U1C1, did not
result in width reduction. There were visual differences between the colors of MVC
control cultures compared to some of the MVC cultures in the presence of other fungi
(Table 2.2). For example, some of the MVC cultures in co-plate trials were limited in
growth and had mycelia that appeared to be dark brown in color (Table 2.2).
Table 2.1: Analysis of variance for the width of the MVC reference LC09B culture
compared to the MVC reference culture grown with other fungi.
Parameter
Isolate

DF
19

Sum Sq.
17.19

25

Mean Sq.
0.38

F value
9.79

Pr(>F)
<0.0001

Table 2.2: Average difference in width of MVC reference culture (LC09B) cultured alone
compared to the width of MVC cultured with other fungi.
Potential Antagonist
paired with MVC
A10B1
A16B1
B3B1
D2A2
L13A1
L14B1
M14C1
M17C2
P15C1
S10A1
S10A2
S10B1
S9C1
S9C2
SS03
U1A2
U1A3
U1B1
U1C1

Difference in cm between
MVC control and treated
cultures
-0.77
-0.77
-1.23
-0.47
-0.9
-1.1
-1.2
-0.77
-1.03
-0.77
-1.03
-1.53
-0.83
-0.73
-0.67
-1.07
-1.23
-0.50
-0.33

p-value

0.003
0.003
<0.0001
0.3
0.0003
<0.0001
<0.0001
0.003
<0.0001
0.003
<0.0001
<0.0001
0.0009
0.006
0.02
<0.0001
<0.0001
0.23
0.85

MVC darkened in the
presence of other fungi
(Yes/No)
No
Yes
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
No

2.3.2 Field Exclusion Experiments
2.3.2.1 Field Exclusion Experiment 2015
There were differences in the number of pseudosclerotia remaining in treatment
areas based on the size of the exclusion cage, or treatment type (Figure 2.1). The model
indicated significant differences between groups, but the 2015 Field Exclusion data did
not have normally distributed residuals (Shapiro-Wilk p-value = 0.031); therefore the
ANOVA model could not be reported with confidence. A rank sum analysis was run
using a Kruskal-Wallis test with a Dunn test for a pairwise comparison between the
different explanatory factors. There were significant differences in the number of
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pseudosclerotia inside each treatment area at the end of the study (Kruskal-Wallis chisquared = 11.586, df = 5, p-value = 0.041). The Bonferroni adjusted p-values from the
Dunn test did not show any significant differences between pairs of treatments. Although
numbers of pseudosclerotia remaining inside the different treatment areas were not
significantly different, the results of the 2015 field exclusion experiment led to a
reduction in cage size classes, and increased number of experimental reps in a repeated
experiment conducted in 2016.

Average number of pseudosclerotia
remaining in treatment area

30
25
20
15
10
5
0
1 mm

1mm-NB

4 mm

7 mm

14 mm

No Cage

Figure 2.1: Number of pseudosclerotia remaining inside treatment areas from the field
exclusion 2015 trial. Labels on the x-axis represent the mesh size of cages, and 1 mm-NB
indicates 1 mm cages with no bottom. Bars represent mean standard error.
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The numbers of insects collected in pitfall traps over a three-week period were
recorded to identify candidate families of insects to be used in the no-choice laboratory
studies. In 2015, the most common families from most to least were: Gryllidae, Alydidae,
Formicidae, Carabidae, Scarabidae, Nabidae and Vespidae (Figure 2.2). It is possible that
some families were not captured due to their ability to escape pitfall traps. We selected
the most abundant insect families in the three-week period to be tested for interactions
with pseudosclerotia in no-choice laboratory experiments (Results section 2.3.3.1).

Average number of insects by family

140

2015
2016

120
100
80
60
40
20
0

Figure 2.2: Average number of insects caught per block in the pitfall traps in field
exclusion trials over three weeks in 2015 and four weeks in 2016.
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2.3.2.2 Field Exclusion Experiment 2016
In the 2016 cage exclusion experiment, the remaining number of pseudosclerotia
varied significantly by block and cage size but not by field location (Table 2.3). The
model was fit with interactions, but the goodness of fit of the model did not improve with
interactions, so the final ANOVA is a three-factor model with no interactions (ShapiroWilk p-value = 0.62). There was a significant block effect with B3 having significantly
fewer pseudosclerotia remaining at the end compared to B2 and B4. There were no
significant differences between the numbers of pseudosclerotia remaining in B1, B2 or
B4 compared to each other. The blocks, B1 and B3 were also not significantly different
from each other. The treatments with a full 1 mm mesh cage had significantly greater
numbers of pseudosclerotia remaining at the end of the trial compared to the 14 mm cage
size and the no cage treatments (Figure 2.3).
Table 2.3: Analysis of variance testing the effects of field position and exclusion cage
size on the number of pseudosclerotia remaining inside the treatment areas at the end of
the observed time period.
Parameter
Cage Type
Block
Location in the
Field

Df
3
3
1

Sum Sq
167.1
61.1
0.12

Mean Sq
55.7
20.4
0.12
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F value
10.1
3.7
0.02

Pr(>F)
0.0002*
0.026*
0.88

Average number of pseudosclerotia remaining inside each
cage area

30

A

AB

25

B

B

14mm

NoCage

20

15

10

5

0
FullCage

4mm

Figure 2.3: Proportion of pseudosclerotia remaining inside each area between treatments
with different sized cages and treatments with no cages in the 2016 field exclusion
experiment. Mesh sizes were 1mm2 for the full cage and 4 or 14mm2. Error bars indicate
standard error of the means. Different letters represent significant differences at p<0.05.
In 2016, there was no significant effect of location in the field in the experiment
to compare the effect of density of pseudosclerotia on their survival. The density and
block factors described significant variation in the proportion of pseudosclerotia inside
each treatment area (Table 2.4). Although the ANOVA model shows block is significant,
upon closer inspection of the pairwise comparisons, there were no significant differences
between the numbers of pseudosclerotia remaining inside each block. The pairwise
comparisons indicated a significant difference in the proportion of pseudosclerotia
remaining inside the treatments with a density of 3 and 81 pseudosclerotia (Figure 2.4,
p<0.05).
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Table 2.4: Proportion of pseudosclerotia remaining inside the treatment areas at the end
of the observed time period based on location in the field and pseudosclerotia density.
The ANOVA model residuals were normally distributed according to the Shapiro-Wilk
p-value (p = 0.3).
Parameter
Density
Block
Location in field

Df
3
3
1

Sum Sq
0.34
0.29
0.02

Mean Sq
0.11
0.10
0.02

F value
4.10
3.53
0.82

Pr(>F)
0.02*
0.03*
0.38

Average proportion of pseudosclerotia remaining
in treatment area

1

AB

AB

Density9

Density27

0.9
0.8

B

A

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Density3

Density81

Figure 2.4: Proportion of pseudosclerotia remaining inside field treatment areas based on
density of pseudosclerotia in the 2016 field density experiment. Different letters indicate
significant differences at p<0.05. Bars represent the standard error of the mean.
2.3.3 No-choice Laboratory Experiments
2.3.3.1 No-choice Experiment 2015
The first year of no-choice laboratory experiments the most common were:
Gryllidae, Alylidae, Formicidae, Carabidae, Scarabidae, Rhyparochromidae, Diptera,
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Elateridae and Vespidae in order of abundance (Figure 2.2). All of the insects tested
interacted with pseudosclerotia in some capacity, but some species were more active than
others. There were no significant differences between the insect groups, but some general
observations were made. The ground beetles (H. rufipes) were quite active (Figure 2.5)
and these individuals more often hollowed out or completely destroyed pseudosclerotia
compared to the other species tested (Figure 2.6, 2.8 and 2.10). The house crickets (A.
domesticus) typically committed superficial damage to pseudosclerotia with very little
structural damage recorded amongst members of the family: Gryllidae (Figure 2.7 and
2.8). Scarab beetles (S. sacer) were not very active, and were less likely to do damage to
pseudosclerotia (Figure 2.9 and 2.10). Due to the high degree of variability in standard
error terms, there were no significant differences in the number of damaged
pseudosclerotia between families using parametric ANOVA tests. In response to the
non-normal distribution of ANOVA residuals, the nonparametric Kruskal-Wallis test was
used to look for differences in damage to pseudosclerotia based on maturity class. The
Kruskal-Wallis test showed significant differences in the number of pseudosclerotia
destroyed by insect subjects based on the maturity class of the pseudosclerotia (p<0.05).
All of the pseudosclerotia that were completely destroyed, ranging from 11 to 28%
between the three insect groups, were mature pseudosclerotia and none of the immature
pseudosclerotia were recorded as destroyed. There were no other significant differences
in the number of pseudosclerotia compared using damage class and there were no
significant differences in damaged pseudosclerotia by insect family for any of the damage
classes (p>0.05).
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Figure 2.5: A ground beetle (Harpalus rufipes) and damaged pseudosclerotia in the 2015
no-choice lab experiment after 72 hours.

Average number of pseudosclerotia
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Figure 2.6: Average number of damaged pseudosclerotia by Harpalus rufipes in a 72hour period in 2015.
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Figure 2.7: A field cricket (Gryllus spp.) in the presence of scattered debris from
pseudosclerotia after 72 hours.
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Figure 2.8: Average number of damaged pseudosclerotia by Gryllus spp. in a 72-hour
period in 2015.

34

Figure 2.9: A dung beetle (Onthophagus orpheus) humorously toying with a
pseudosclerotium in the 2015 no-choice experiment.
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Figure 2.10: Average number of damaged pseudosclerotia by Onthophagus orpheus in a
72-hour period in 2015.
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2.3.3.2 No-choice Experiment 2016
Families of insects captured in the no-choice experiment of 2016 to categorize the
field population of insects that may be interacting with pseudosclerotia. The most
common groups were similar to the previous year, which were: Gryllidae, Alylidae,
Formicidae, Carabidae, Scarabidae, Rhyparochromidae, Diptera, Elateridae, Vespidae
and Nabidae in order of abundance. The no-choice 2016 experiment was unbalanced in
terms of the numbers of individuals between the two families tested (Carabidae and
Gryllidae). Different numbers of observations limited the statistical analyses to be run on
these data, and we could not compare the damage done by H. rufipes across years using
ANOVA. Only immature pseudosclerotia were used in this year, so maturity was
removed as a predictor of damage. Superficial damage was greater compared to the other
damage classes with 53% of pseudosclerotia being damaged by H. rufipes in 2016 which
was greater than any of the other damage classes (Figure 2.11). Structurally, 36% of
pseudosclerotia were damaged by H. rufipes in 2016 with 29% an average of
pseudosclerotia being hollowed out, and one pseudosclerotium was completely destroyed
by H rufipes in 2016. Compared to H. rufipes, the field crickets (G. pennsylvanicus) were
less active with 32%, 22%, 18% and 10% of pseudosclerotia damaged per class
(superficial damage, structural damage, hollowed and completed destruction,
respectively, Figure 2.12).
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Figure 2.11: Average number of damaged pseudosclerotia by Harpalus rufipes in a 72hour period.
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Figure 2.12: Average number of damaged pseudosclerotia by Gryllus pennsylvanicus in a
72-hour period.
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2.4 Discussion
Monilinia vaccinii-corymbosi is a soil inhabitant for most of its life cycle, and
very little is known about the ecological interactions occurring in the soil-surface
environment between the onset of dormancy in the fall and the onset of carpogenic
germination in the spring. Based on our observations, MVC regularly interacts with
many different members of the biological community other than the host plant such as
fungi and insects. Biological interactions relative to MVC in the lowbush blueberry
agroecosystem are not well understood, and it is unknown whether or not such
interactions have a positive or negative influence on the survival of MVC.
Based on the co-plate experiment, there is strong evidence to support the
hypothesis that fungi on the surface of pseudosclerotia can reduce the growth of MVC.
All of the potentially antagonistic cultures were taken from the surface of field-collected
pseudosclerotia and the MVC reference culture was isolated from conidia on blighted
leaves in the field. The majority of of the potential antagonists tested significantly
reduced the width of the MVC. The specific mode of action was not tested, although
multiple microbial interactions could have produced these results. The most likely of
which could be intraspecific competition due to the proximity of the two cultures forced
to grow in close proximity to each other. In some of the tests the MVC reference culture
was darkened and limited in radial growth, which might be indicative of fungal
antagonism as seen in Monilinia laxa (Melgarejo and Sagasta, 1986). The preliminary
screening trial could justify further experimentation into identifying specific fungi to be
used as BCAs. Sempere and Santamarina (2008) reported Penicillium oxalicum, to be a
good candidate for commercialization and testing for suppression against Nigrospora
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oryzae due to the fact that it is a ubiquitous member of the community of soil fungi, and
relatively easy to produce in large quantities. If a similar antagonist in the Vaccinium
agro-ecosystem was isolated and determined to be effective at mummy berry suppression,
it could provide a natural fungicide to supplement the current disease management
practices.
In experiments examining the types of animals affecting the survival of MVC
pseudosclerotia, thre were no statistically significant differences between cage sizes in
2015, but the findings supported a re-designed experiment conducted on a larger scale to
test the hypothesis that insects may be interacting with pseudosclerotia in the field. In the
field exclusion experiment conducted in 2016, pseudosclerotia that were fully encased in
a fine screen mesh had significantly more pseudosclerotia remaining at the end of
observation compared to the treatments with 14mm cages and no cages. Biotic factors are
likely responsible for some of the removal of pseudosclerotia from plots, given that the
field 2016 had not been pruned prior to the field trial and the crop canopy should have
reduced the effect of wind and rain. The block effect could provide evidence for insect
involvement in the removal of pseudosclerotia from experimental areas because insect
populations may have varied among the blocks in the field. If there were no block effects
in the field exclusion experiments, it might imply some universal mechanism of removal
such as rain. Testing for differences based on the density of pseudosclerotia generally did
not show differences, except between the highest density (81) and the lowest (3). In the
lowest density, the loss of a single pseudosclerotiaum had a large effect, potentially
inflating differences between density treatments. Pseudosclerotia are probably not highly
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sought after as a source of nutrition, and the relative attractiveness of few pseudosclerotia
is comparable with the attractiveness of many pseudosclerotia in the same place.
Pseudosclerotia in the environment prior to the winter might be either fed on or
moved around by insects. If insects are regularly interacting with pseudosclerotia in the
field, microbes including fungal antagonists could be vectored onto the surface of
pseudosclerotia during contact. The effect of soil-dwelling insects interacting with
pseudosclerotia of MVC is unreported to my knowledge. However, in the closely related
Sclerotinia sclerotiorum, there are reports of insects feeding on and in sclerotia (Anas and
Reeleder, 1988b; Williams et al. 1998). Insects have also been observed to enhance
transmission of a mycopathogen (C. minitans) known to inhibit growth in S. sclerotiorum
(Whipps, 1993). It could be useful to understand the relationships between naturally
occurring insects and MVC, particularly involving antagonists that can inhibit carpogenic
germination in MVC. Such products could potentially be developed as an organic
alternative if insects could be used in some way to target pseudosclerotia.
The no-choice lab experiments were interesting in that most of the insects
involved in the studies interacted with pseudosclerotia in some way. Some of the insects
went 72 hours without making a visible effect upon pseudosclerotia, while others were
active in altering pseudosclerotia. The scarab beetles were not very interested in
pseudosclerotia. However, the ground beetles (Harpalus rufipes) were quite active in
damaging pseudosclerotia and scattering the Vaccinium seeds around the petri dish. The
damage done by H. rufipes was not compared between 2015 and 2016; however, there
were similarities between damage trends in the two years regarding H. rufipes. For
example, only one immature pseudosclerotium was destroyed by H. rufipes in 2016, and
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none of the immature pseudosclerotia were in 2015. In 2015, 15% of pseudosclerotia
were hollowed out by H. rufipes and 29% were hollowed in 2016. In both of the years,
ground beetles had the most interaction with pseudosclerotia in petri dishes. The crickets
did interact with pseudosclerotia, but not to the same extent as the ground beetles. Other
species that had unbalanced numbers of test subjects were dropped from the analysis of
variance, but most of the insect species tested damaged some of the pseudosclerotia in
their petri dishes. There were only six individuals per family tested and it is possible that
different individuals within a family displayed behavioral differences as a response to
being held in artificial conditions. There might be some type of tripartite relationship
between insects, MVC and the host plant, which was not tested for.
The ecological connections between MVC and other soil inhabitants are
underrepresented in the literature with very little being known about the interactions
occurring between field populations of insects, other fungi and MVC. Our research
demonstrates that other members of the biological community regularly interact with
pseudosclerotia. We hypothesize that some of these interactions would reduce the
survival of pseudosclerotia in the springtime and subsequently reduce the dissemination
of primary inoculum. More research should be done in the area of insect-fungus
interactions and microbe-microbe interacitons in the MVC/V. angustifolium
agroecosystem. Antagonistic organisms could potentially be exploited as agents of
biological control to supplement the current methods of crop management relative to
MVC. Broadening the understanding of species relationships and the nature of such
relaionships could potentially open up a new area for organic crop management in the
lowbush blueberry industry of Maine.
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CHAPTER 3
ENVIRONMENTAL EFFECTS ON CARPOGENIC GERMINATION
3.1 Introduction
Mummy berry is caused by Monilinia vaccinii-corymbosi (MVC), which is
generally considered to be the most economically important fungus on blueberry crops
throughout North America (Batra, 1983). Maintaining control of mummy berry can be an
important way to increase overall yield, stabilize input costs and reduce environmental
impacts associated with the application of synthetic chemicals for disease management.
One particularly challenging aspect of mummy berry management is that there are few
opportunities to control MVC efficiently. Traditionally in Maine, mummy berry
management was done through burning during the fall pruning to reduce the number of
overwintering pseudosclerotia (Lambert, 1990). Burning, as a pruning practice, has since
been replaced by mowing to increase the efficiency of crop management and reduce
detrimental effects of oil burning. The primary infection period prior to the flowering
stage offers the most promising opportunity to interrupt mummy berry in V.
angustifolium systems. Mummy berry management during primary infection can be
challenging due to the financial burden of applying fungicides (McGovern et al. 2012)
and the destructive effects they can have on non-target species (Delfosse, 2005).
Minimizing crop loss from mummy berry requires intensive management during
the primary infection stage in order to reduce the amount of secondary infection and
subsequently the direct losses associated with parasitized berries. A considerable amount
of research has been done to understand the drivers of apothecial emergence relative to
springtime environmental conditions with the goal of improving management strategies
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at the point of primary infection. Milholland (1974) investigated the conditions favoring
carpogenic germination of pseudosclerotia from MVC collected from northern highbush
blueberry (Vaccinium corymbosum) in North Carolina. Carpogenic germination was
observed over five different incubation temperatures (5, 10, 16, 21, and 27°C) and two
soil moisture content (SMC) levels (18% and 42%). Air temperature and soil moisture
were reported to be strong predictors of carpogenic germination. In fact, very few
apothecia were produced at 5°C and increased production of apothecia occurred up to
16°C, but temperatures above 20°C were reported to drastically reduce the germination of
apothecia (Milholland, 1974). Only one pseudosclerotium germinated at 18% SMC while
approximately 80% of pseudosclerotia germinated at 42% SMC (Milholland, 1974). In
addition to environmental predictors, germination from pseudosclerotia was observed
over different depths of burial. Burying pseudosclerotia under substrate reduced
carpogenic germination with increasing burial depth, and ultimately no germination was
observed below 2.5cm (Milholland, 1974).
Scherm et al. (2001) conducted similar incubation trials with the goal of modeling
carpogenic germination from pseudosclerotia collected from V. ashei in Georgia.
Pseudosclerotia were collected to test the effects of different field-accumulated-chillhours (temperature between 0°C and 7.2°C) on carpogenic germination, which ranged
from 21 to 429 chill-hours. Pseudosclerotia with the greatest number of fieldaccumulated-chill-hours, 429 hours, germinated the most and produced the greatest
number of apothecia. The importance of chill-hours was investigated further in the lab by
testing from 0 to 1344 chill-hours. Increasing chill-hours significantly increased the
proportion of pseudosclerotia that produced apothecia up to about 700 chill-hours where

43

a plateau was reached. A post-chill temperature model was generated using accumulated
degree-days (base 7.2°C) as a predictor of apothecial emergence at each chill-hour level.
The response variable in the model was defined as the post-chill time needed to reach
25% of the maximum number of pseudosclerotia with apothecia at different chill-hour
levels, or time to 25% pmax. As chill-hours increased, the post-chill time needed to reach
25% of pmax decreased significantly (Scherm et al. 2001a). No significant differences in
germination were detected between treatments incubated in saturated sand vs. treatments
soaked in aerated water. Between the two laboratory studies, germination of MVC
pseudosclerotia was observed at low (18% SMC), moderate (42% SMC) and high
(saturated sand) moisture levels (Milholland, 1974; Scherm et al. 2001a). Low soil
moisture (<20% SMC) has been reported to have an inhibitory effect, while high
moisture levels appears to have little effect on the development of apothecia.
Wharton and Schilder (2005) utilized the MVC and V. corymbosum system in
Michigan to assess apothecial longevity and spore release under different environmental
conditions. Pseudosclerotia were collected from the field in March of 2002 and 2003, and
placed in moist sand at 10, 15, 20 and 25°C with a 12:12 dark:light cycle to facilitate
germination of apothecia. Subsequent observations assessed apothecial longevity and
ascospore release under different temperature regimes. After approximately one week of
incubation, pinheads started opening. As soon as apothecia were open, they were
considered mature; and apothecia were generally considered more mature with increasing
diameter of fruiting bodies as they opened (Wharton and Schilder, 2005). Apothecia
produced at relatively high temperatures (20-25°C) were more likely to mature quickly
and release a greater number of spores in a short time before quickly degrading.
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Apothecia that were developed at relatively low temperatures (10-15°C) matured at a
slower rate, and gradually released ascospores over a longer period of time compared to
higher temperatures.
In a recent comparison between different mathematical models for mummy berry
forecasting, Harteveld et al. (2017) used weather station data to fit models predicting
apothecial emergence and ascospore release in Oregon and Washington, USA on V.
corymbosum hosts. Relative to apothecial emergence, different models were compared
for predictive power, and the authors reported soil temperature, soil moisture, air
temperature and solar radiation to be particularly useful in their predictive modeling.
Harteveld et al. (2017) generated multiple different models for comparison in their ability
to accurately predict spore release in MVC during primary infection. One such model
was a traditional logistic regression model to describe spore release from MVC
apothecia, in which the most important parameters, with relative predictive power in
parenthesis, were: soil moisture (45%), precipitation (22%) and air temperature (17%).
Although environmental variables strongly affect fungal development, host
phenology has also been reported to influence MVC phenology. Lehman and Oudemans
(2000) observed early maturing populations of MVC were likely to cause infection on
early maturing cultivars of V. corymbosum, while late maturing populations were more
likely to infect late maturing cultivars. The authors also hypothesized that host plant
phenology was a strong selective pressure on MVC, causing genetic differences amongst
populations of MVC based on host susceptibility (Lehman and Oudemans, 2000). In the
studies referenced above, carpogenic germination from M. vaccinii-corymbosi has been
looked at using northern highbush blueberry or rabbiteye blueberry hosts. Highbush
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blueberry plants are managed as perennial orchards, and typically grow in areas with mild
winter conditions. Due to the fundamental differences in climate and crop management
strategies associated with lowbush blueberry plants, we decided to investigate the
environmental conditions favoring germination of MVC in V. angustifolium in Maine.
The most effective way to inform crop management decisions regarding mummy
berry control in Maine has been the Mummy Berry Forecasting System (MBFS), which
reports on emergence of apothecia, host phenology and local weather conditions in order
to improve the timing of applying fungicides during periods of host susceptibility (Annis
et al. 2013). Environmental variables that have been demonstrated to favor primary
infection are: duration of leaf wetness, air temperature and host phenology (Hildebrand
and Braun, 1991). The MBFS offers real-time information from field sampling of host
bud stages and fungal phenology sampled at mummy berry plots containing 50-100
pseudosclerotia per plot and monitored by crop managers who record apothecial
emergence in the spring. Detecting apothecia in this way is helpful, but using models to
predict early emergence of apothecia will help inform growers on when to start looking
for signs of MVC in the field. Improving the accuracy in predicting infection periods
leads to more informed decisions made by crop managers, and potentially improved
management. The goals of our research projects are outlined below.
3.1.1 Research Objectives
1. Determine if there are differences in germination of pseudosclerotia collected
from different fields in Maine using common garden and lab incubation studies.
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2. Describe carpogenic germination of pseudosclerotia and production of apothecia
at different chill-hour levels similar to chill-hours experienced by pseudosclerotia
overwintering in V. angustifolium fields in Maine.
3. Determine the importance of post-chill air temperature and soil moisture on
carpogenic germination of pseudosclerotia and production of apothecia.
4. Develop predictive models for comparison (Linear Regression, Logistic
Regression and Random Effect Modeling) describing apothecial emergence
relative to all of the environmental factors tested.

3.2 Materials and Methods
To investigate the effects of environmental conditions in Maine on MVC, we
changed the range of parameters used in predictive modeling compared to prior studies
from milder climates. The maximum chill-hour levels used in other incubation studies in
North Carolina and Georgia generally under represent the number of chill-hours that
accumulate in Maine over the winter. Air temperature regimes tested in other incubation
studies were higher than the average observed temperatures during April and May in Maine
when carpogenic germination occurs. Temperatures below 5°C are reported to reduce
apothecial emergence (Milholland, 1974), which is a temperature range that is not
uncommon during apothecial emergence in Maine. Temperatures above 20°C are reported
to reduce germination (Milholland, 1974), and these temperatures are less likely to occur
during apothecial emergence in Maine based on the analysis of local weather data.
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3.2.1 Mummy Berry Incubation 2014/2015
Table 3.1: Field locations and average weight of 50 pseudosclerotia used in common
garden and incubation experiments in 2014/2015.
Field
Appleton 1
Liberty
Montegail 1
Spring Pond 1
Pineo

County
Knox
Waldo
Washington
Washington
Washington

Avg. Wt. (g)
1.58
1.38
1.21
1.43
1.83

Standard Error
0.018
0.067
0.047
0.045
0.059

The mummy berry laboratory incubation experiment started with the construction
of nylon fabric mesh pouches (0.5mm) that protected pseudosclerotia while they
accumulated chill-hours in the common garden soil bed. Pseudosclerotia were collected in
early August from five fields (Table 3.1), placed in mesh pouches, and buried on different
days, Appleton 1 and Liberty on 8/7/14 and Montegail 1, Spring Pond 1 and Pineo on
8/18/14. Pseudosclerotia were placed in pouches lined with a layer of soil from Blueberry
Hill Research Farm (BBHF), Jonesboro, ME followed by approximately 1000
pseudosclerotia per field (estimated by the average weight of 50 pseudosclerotia), followed
by another layer of soil on top. After all four sides of the pouch were sealed using duct tape
and staples; the pouches were then buried about 2.5cm underground and marked with
unique colored flags for field identification. Buried pseudosclerotia were then allowed to
accumulate roughly 500 chill-hours. The chill-hour estimation was based on soil
temperature data that was recorded every 30 minutes from a WatchDog 1000 Series
(Spectrum Technologies, Aurora, IL) weather station with a probe buried 2.5cm
underground. The weather station was located in an adjacent soil bed used in 2013/2014,
and again in the 2015/2016 common garden experiments.
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In 2014, when pseudosclerotia reached 511 chill-hours, they were unearthed and
brought into the lab where they were stored in a freezer at -11°C. After a 24hr period in
cold storage, pseudosclerotia were thawed for 1hr before being removed from the soil they
were buried with. The mixture of soil and pseudosclerotia was placed in a 4mm2 soil sieve
that was inserted over a 2mm2 sieve and washed with cold water to remove organic debris.
The clean pseudosclerotia were then placed in 250ml beakers and put back in the -11°C
freezer. Prior to setting up the 2014/2015 incubation experiment, pseudosclerotia spent
about one week at -11°C. Appleton 1, Montegail 1 and Spring Pond 1 were the only fields
that yielded enough pseudosclerotia to be used in the 2014/2015 incubation experiment.
The 2014/2015 incubation experiments were separated into two different trials. The
primary experiment was focused on comparing germination of pseudosclerotia over a range
of chill-hours: 800, 924, 1000, 1100, 1200, 1308, 1408, 1500 and 1600 chill-hours (CH).
The secondary trial compared germination over three levels of ‘freeze-hours’ (time spent
below 0°C), 900, 1200 and 1400 hours, and all treatments experienced 1200 CH in a 4°C
dark incubator prior to germination. The CH incubation trial was set up first. Plastic salad
containers referred to as clamshells that are 14 cm length x 14 cm width x 8.5 cm height in
dimension (Dart Container Corporation; Mason, MI) were used. This experiment had 10
different CH levels with three experimental repetitions per level. To wet peat and soil,
1.54 L of tap water was added to 4.42 kg of dry BBHF soil, and 1 L of water was added to
550 g of peat. To make the soil mixture, 2.2 L of wetted peat was added to 6.6 L of wetted
BBHF soil. The amount of moisture in the peat and soil was not determined prior to
wetting, and this produced an over-saturated moisture level during laboratory CH
accumulation. Each clamshell was filled with 450 ml of the 3:1 ratio of BBHF soil to peat
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moss mixture. Clamshells were then split into quadrants that represented the four different
fields used. Each quadrant contained 30 pseudosclerotia per field, per clamshell. The
location of each field was standardized to avoid the confusion of having randomized fields
in each clamshell when observations were made. Frozen pseudosclerotia were thawed for
1hr before being placed. After placing all pseudosclerotia, an additional 75ml of soil was
added to the top of each container and spread evenly to keep pseudosclerotia in place.
Toothpicks were used to outline each field area in the clamshells. After setup, clamshells
were placed in re-sealable plastic bags and moved to a 4°C dark incubator for additional
CH accumulation. All treatment reps of the same CH level were removed from CH
accumulation upon reaching the desired CH level and immediately moved to a lighted
incubator (Percival Scientific; Perry, IA) with a light intensity of approximately 1000 lux,
and a 12:12 light/dark cycle. For both of the germination experiments, the incubation
temperature was 16°C during the day and 10°C at night. In 2014/2015, the soil moisture
level used in CH experiments was not controlled for, and was highly saturated early on in
CH accumulation and no water was added throughout observed germination.
The number of hours that treatments spent in incubation at 16°C after chilling were
referred to as Post Chill Hours (PCH). The number of germinating structures was split into
three categories by maturity and recorded every other day. On datasheets, stipes were
recorded as ‘stalks’, immature apothecia were recorded as ‘pinheads’ and mature apothecia
were recorded as ‘cups’. If a pseudosclerotium had germinated any structure, a colored
stitch marker was placed around it to track the structure(s) over time. All germinating
pseudosclerotia in each treatment had a different color/shape stitch marker.
3.2.2 Mummy Berry Incubation 2015/2016
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Table 3.2: Fields used in the 2015/2016 experiments with average weight of 50
pseudosclerotia per field.
Field
Appleton 2
Crawford 1
Little Oak
Montegail 2
Wesley

County
Knox
Washington
Washington
Washington
Washington

Avg. Wt. (g)
1.14
1.51
1.78
1.27
1.43

Standard Error
0.032
0.058
0.033
0.030
0.058

The 2015/2016 incubation experiments were set up using the same methods as the
2014/2015 experiments with some modifications. Pseudosclerotia were collected from five
fields (Table 3.2) during August of 2015, buried in mesh pouches and accumulated 566
chill-hours in the common garden plot before being removed for use in laboratory
incubation experiments. All pseudosclerotia were stored at 4°C in the dark overnight prior
to placement in clamshells and continuing laboratory chill-hour accumulation at 4°C.
While collecting pseudosclerotia from each of the five fields, three button loggers
(Spectrum Technologies, Aurora, IL) were buried beneath a white bucket lid (<2.5cm
below the lid) to record soil surface temperature at 30-minute intervals. The button loggers
were placed in watertight plastic bags underneath bucket lids. Due to the data storage
capacity of the button loggers, these data were collected in December 2015 and the button
loggers were re-launched to maintain data collection into the spring. From the data
collected in December 2015, a change was made to the range of chill-hours that were tested
in 2015/2016 to: 800, 977, 1150, 1325, 1500, 1675, 1850, 2030, 2210 and 2380 chill-hours.
The 2015/2016 incubation experiments tested three different soil moisture levels,
50, 60 and 75% soil moisture (Table 3.3). Three different daytime temperatures, 10, 13 and
16°C, were used to test for differences in germination of pseudosclerotia based on post-
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chill temperature and all nighttime temperatures were set to 10°C. The three moisture levels
and three incubation temperature regimes were used with three different chill-hour levels,
1150, 1500 and 1850 chill-hours. Soil moisture levels were calculated by drying 200 ml
subsamples of both field collected BBHF soil and peat moss. Beakers of both soil and peat
moss were placed in a 110°C oven for 48 hour and weighed both before and after drying
to get the average moisture by weight contained in each material. Moisture calculations
were based on the percent moisture already in the incubation medium, which was a mix of
3:1 soil to peat moss, and adjusted accordingly to the desired level of soil moisture. After
mixing the soil moisture levels in three different containers, 10 sub-samples were taken
from each container and dried at 110°C for 48 hours. The average observed moisture levels
for the three different batches of soil were 49.8, 60.5 and 74.6% moisture. Soil moisture
was maintained after chill-hour accumulation by adding water and adjusting the weight in
grams lost to evaporation up to the desired weight recorded on the top of each clamshell.

Table 3.3: Chill-hours tested at different levels of soil moisture and post-chill incubation
temperature for their effects on carpogenic germination of pseudosclerotia from three
fields (Crawford 1, Little Oak and Montegail 2) in 2015/2016.
Incubation
Temperature
(°C)
10

13

16

50

Percent Soil Moisture
60

1150
1500
1850
1150
1500
1850
1150
1500

1150
1500
1850
1150
1500
1850
800
977
52

75
1150
1500
1850
1150
1500
1850
1150
1500

1850

1150
1325
1500
1675
1850
2030
2210
2380

1850

After the initial tracking of PCH germination, treatments with 50 and 60% soil
moisture were re-adjusted to 60% soil moisture and the 75% soil moisture treatments were
discarded. Treatments were then placed back into the 4°C dark incubator to accumulate
1200 additional chill-hours, upon which time the containers were transferred back to an
incubator at 16°C/10°C with a 12:12 light/dark cycle and examined for a second time for
any additional germination for approximately two months.
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3.2.3 Mummy Berry Incubation 2016/2017
Table 3.4: Fields used in the 2016/2017 experiments with the average weight of 50
pseudosclerotia per field.
Field
Crawford 2
Hope
Junior Grant
Montegail 3
Spring Pond 2

County
Washington
Knox
Washington
Washington
Washington

Avg. Wt. (g)
1.14
1.51
1.78
1.27
1.43

Standard Error
0.035
0.038
0.007
0.033
0.049

The same methods were used in the 2016/2017 incubation experiments as the
2015/2016 incubation experiments with some modifications. Pseudosclerotia were
collected from five fields (Table 3.4) between mid August and early September and
allowed to accumulate 514 chill-hours in the common garden plot covered by
approximately 2 cm of duff collected from BBHF before being removed. Pseudosclerotia
were removed from the plot and stored overnight in mesh pouches with soil at 4°C prior to
placement in clamshells.
In 2016/2017 treatments were set up with three different percent moisture levels,
60, 68 and 84% soil moisture by weight, while accumulating chill-hours in the 4°C
incubator (Table 3.5). After removing treatments from chill-hour accumulation in the 4°C
incubator, the soil was allowed to dry slowly by leaving the plastic bags open until three
lower moisture levels had been reached (60, 70 or 85%). All moisture adjustments were
based on weight. The three incubation temperature levels used remained unchanged (10,
13 and 16°C). In 2016/2017, the range of chill-hours was: 1200, 1400, 1600, 1800, 2000,
2200, 2400, 2600, 2805 and 3200 chill-hours. All of the fields in 2016/2017 had three
button loggers placed in them over the winter to estimate field chill-hour conditions.
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Table 3.5: Chill-hours tested at different levels of soil moisture and post-chill incubation
temperature for their effects on carpogenic germination of pseudosclerotia from three fields
(Crawford 2, Hope, Montegail 3 and Spring Pond 2) in 2016/2017.
Incubation
Temperature
(°C)
10

13

16

60

Percent Soil Moisture
70

1200
2000
3000
1200
2000
3000
1200
2000
3000

1200
2000
3000
1150
1200
1500
2000
1850
3000
1150
1200
1500
1400
1850
1600
1800
2000
2200
2400
2600
2800
3000
3200

85
1150
1200
1500
2000
1850
3000
1150
1200
1500
2000
1850
3000
1200
2000
3000

3.2.4 Common Garden 2014/2015
A common garden experiment was set up to identify any potential differences in carpogenic
germination among MVC pseudosclerotia collected from different blueberry fields in
Maine. The common garden experiment began on 7/22/2014 with the creation of a 1 m x
4 m soil bed on the University of Maine campus in Orono, ME. The top layer of soil and
grass was removed and replaced with approximately 150 L of field collected blueberry soil
from BBHF giving a depth of approximately 10-15 cm. The edges of the soil bed were
lined with landscape edging material to inhibit the growth of grass and weeds in the soil
bed from the surrounding lawn. The soil was then allowed to sit for about two weeks to
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encourage natural compaction; the bed was also watered intermittently to ensure settling
of the soil.
Part of the soil bed, approximately 1 m2, was used for maturation and the initial
chill-hour accumulation of pseudosclerotia that were used in the laboratory germination
experiment. The remaining area of the soil bed was split into four blocks (1.5 m x 0.5 m
each). Five plots that were 25 cm from one another were placed in each block. Each plot
was randomly assigned to have 50 pseudosclerotia from one of five fields (Table 3.1).
Pseudosclerotia were collected and placed in the common garden plot between 8/5/2014 to
8/17/2014. Pseudosclerotia were placed on the soil surface, gently tamped down and then
a thin layer of soil (approximately 1 cm) was spread overtop of the pseudosclerotia to keep
them in place. Air and soil temperatures were recorded every 30-minutes using a Watchdog
1000 Series micro-weather station. On 4/13/2015, the experimental plot was found to be
flooded with approximately 4 cm of water. A water pump and trench was used to remove
the standing water, although the flooding persisted for about a week. During this week,
the plot was monitored daily to divert the water. Pseudosclerotia in these plots were
disturbed and/or lost due to the flood.
Plots were rated for the germination of fungal structures every two days from
4/19/15 to 5/16/15 when new germination had not been seen for over a week. Each
pseudosclerotium that germinated was marked with a stitch marker of a unique color and
shape. These markers allowed us to follow the development of each structure through the
duration of germination. Carpogenic germination was tracked based on standard stages,
stipes, pinheads and apothecia. If structures appeared shriveled and blackened, they were
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recorded as dead; all structures were tracked for about a week after being recorded dead to
ensure that development had truly stopped.
3.2.5 Common Garden Set Up in 2015 and Observed in the Spring of 2016 and 2017.
The same methods as outlined above were used, except that a different soil bed was
used and plastic canvas cages were used to contain pseudosclerotia, which prevented
pseudosclerotia from being lost to water movement or frost heaves throughout the winter
and spring. Plastic canvas (0.5 cm, JoAnn Fabrics, Hudson, Ohio) was used to construct
topless cages that were 25 cm2 on the bottom with four sidewalls that were 10cm in height.
The sidewalls of the cages were fastened to the cage bottom and the other sidewalls by
weaving bag ties between spaces in the plastic canvas material. Once constructed, the cages
were buried with the open top exposed, and then filled with soil until 5 cm of the sidewalls
were sticking up out of the soil. In a random block design, 50 pseudosclerotia were placed
in each plot in each of the four blocks. The same observation protocols from the previous
year were followed. Pseudosclerotia were collected from the field and placed in the
common garden plots between 9/14/15 and 9/25/15. Carpogenic germination was observed
from mid April to early May 2016. The common garden experiment set up in 2015 was
also observed in 2017 for germination after two winters.
3.2.6 Common Garden 2016/2017
The protective measures taken in 2015/2016 were successful in containing pseudosclerotia.
Subsequently, the methods used in the 2015/2016 were replicated in the 2016/2017 trials.
Pseudosclerotia were collected from the field and placed in common garden plots between
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9/12/16 and 9/26/16. Carpogenic germination was observed as previously, from mid April
through early May 2017.
3.2.7 Data Analysis
3.2.7.1 Linear Regression
Experimental data from the incubation experiments tested for differences in
carpogenic germination amongst pseudosclerotia placed from different fields under
controlled environmental conditions. All descriptive statistics and model testing was
executed in R version 3.3.2 (R Core Team, 2012). Linear models were written to describe
carpogenic germination in response to chill-hours (CH) by grouping all data from the
laboratory incubation studies conducted over three years (2014/2015, 2015/2016 and
2016/2017). According to Shapiro-Wilk tests for normality, none of the models had
normally distributed residual errors, and could not be applied with confidence to describe
these data.
3.2.7.2 Mixed Effect Modeling with Random Effects
In the interest of testing the use of CH as a continuous variable to explain
carpogenic germination, more complex linear models were applied to these data. Random
effect models are typically used for experiments conducted over multiple years in
biological systems. Generalized linear mixed effect models with random effects
(GLMER) were created using the grouped data from all three years for each type of
carpogenic structure (stipes, pinheads and apothecia), and the sum of germination of all
structures using the lme4 package in R (Bates et al. 2015). In order to describe these data
using GLMER models, the response variable was fit to a binomial distribution, in which
germinating pseudosclerotia produced a value of 1 and failure to germinate produced a
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value of 0. All GLMER models plotted the total number of pseudosclerotia observed to
germinate a given structure as the dependent variable versus CH as a fixed effect. None
of the fields were represented in multiple years, which prompted the addition of a random
effect term of field (FID) to account for differences in germination between fields and
across years. Binomial models could not be fit without reducing the scale of CH, and we
selected the transformation of dividing CH by 500 with the intent of fitting descriptive
models that are relatively easy to interpret. Any parameter estimate indicating a linear
correlation between germination and CH (positive or negative) can be interpreted as the
increase/decrease in the probability of successful germination by increments of 500 chillhours. Model selection was based on Akaike Information Criterion (AIC) for GLMER
models.
3.2.7.3 Carpogenic Germination in Relation to Chill-hours, Incubation Temperature
and Soil Moisture
The incubation experiments conducted in 2015/2016 and 2016/2017 had an
additional 3 x 3 factorial design that included multiple environmental factors: CH, postchill incubation temperatures (IT) and percent soil moistures (PM). Generalized linear
models (GLMs) were written to describe carpogenic germination using the three
environmental factors for the combined germination data from 2015/2016 and 2016/2017
to get the largest scale interpretation of the relationship between carpogenic germination
and environmental variability. The GLMs for grouped data contained six levels for CH
(1150, 1200, 1500, 1850, 2000 and 3000 chill-hours), three levels for IT (10, 13 and
16°C) and five levels for PM (50, 60, 70, 75 and 85% soil moisture). Parameter estimates
for explanatory variables in GLMs (CH, IT and PM) were all compared to the baseline
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variable for each category, for example, 1150 CH was the baseline for comparing all
other CH parameter estimates. Model selection for GLM models was assessed using AIC.
Inclusion of interactions between explanatory variables did not improve the goodness of
fit for GLMs; therefore they were fit without interaction terms.
3.2.7.4 Time to 25 Percent Maximum Germination of Apothecia
Apothecial emergence was modeled using grouped data from all three years with
the inclusion of another explanatory variable, post-chill degree-days (PCDD), which were
calculated for each structure from the time of removal from the 4°C chill-hour incubator
until the end of observed germination. The base temperature used for the calculation of
PCDD was 0°C. A binomial linear regression model was built using PCDD and CH as
continuous variables to predict the log odds of successful germination of apothecia with
FID as a random effect term. The random effect of FID generates a random intercept term
adjusted on the differences in germination between different field locations and soil
moisture levels in different years. The GLMER models were fit using predictor variables
that were condensed in their range of values by dividing PCDD by 50 and CH by 500.
The model assesses differences in the probability of success based on the untransformed
count data, where pseudosclerotia not germinating have a value of 0 and pseudosclerotia
that germinate have a value of 1. Significance of the model was assessed for every 50
post-chill degree-days and also for every 500 chill-hours. Using the model parameter
estimates, a linear equation was written to calculate the incubation time needed for the
log odds to reach 25% of the maximum number of pseudosclerotia to produce apothecia
(referred to as 25% pmax). The value for 25% pmax was calculated for each of the CH500
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levels, and plotted using a simple linear regression model. The resulting linear model
serves as a model to estimate the PCDD needed for 25% pmax to occur based on CH.
3.2.7.5 Common Garden
Field-collected data from common garden trials were used to describe
germination from MVC pseudosclerotia from different blueberry fields exposed to the
same environmental conditions to test for potential differences in locally adapted
populations. In the common garden experiments observed from 2015-2017, two different
three-factor ANOVA models were used to describe carpogenic germination. The first
ANOVA model was used for total germination and germination of stipes in response to
block, field and year. The second ANOVA was used to describe the germination of
pinheads and pseudosclerotia from pseudosclerotia in response to field, year and the
interaction between field and year. A Tukey’s pairwise comparison was used on all of the
ANOVA models for comparison of germination between different levels of explanatory
variables. The two different models were used to describe the different germination types
based on the residuals of the models fitted. Modeling total germination and germination
of stipes generally produces similar results, and the same is true for modeling
germination of pinheads and germination of apothecia. The two different models selected
were the only two that described significant variation in the response variables while
meeting the necessary assumption of having a normal distribution of residual error terms.
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3.3 Results
3.3.1 Environmental Effects on Carpogenic Germination
The average weight of pseudosclerotia between the five fields varied significantly
(Table 3.1, Table 3.2 and Table 3.4) in all years and between years. Between the three
incubation studies, the size of pseudosclerotia determined by weight was not useful in
predicting apothecial emergence. In 2015, the highest average number of pseudosclerotia
producing apothecia, 9%, was from Montegail 1, which also had the lowest average
weight of 50 pseudosclerotia (Table 3.1). In 2016, the Little Oak field had the highest
production of apothecia and also had the heaviest pseudosclerotia of five fields (Table
3.2). In 2017, approximately 18% of pseudosclerotia from two fields, Montegail 3 and
Spring Pond 2, produced apothecia. Interestingly, Montegail 3 had the smallest average
weight and Spring Pond 2 had the third largest average weight of the five fields (Table
3.4).
The numbers of chill-hours also varied between fields and between years (Table
3.6). In 2015/2016, the minimum observed CH, 1896 hours, was from Montegail 2 and
the maximum observed CH was 3073 hours from Crawford 1. Field sites in 2016/2017
were within five miles of the sites in 2015/2016 and provide a comparison in chill hours
between years from comparable sites. The average minimum observed CH was 1282
hours in 2016/2017 was from Hope and the maximum observed CH, 1854 hours was
from Wesley. Although the observed CH were lower in 2016/2017 compared to
2015/2016, the number of ‘freeze-hours’ was greater.
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It was discovered when inspecting these CH weather data that there was a
substantial number of hours recorded below 0°C during the overwintering process. The
number of ‘freeze-hours’ (hours below 0°C) ranged from approximately 900 to 2130
hours in 2015/2016. We tested the effects of exposing pseudosclerotia to different lengths
of freezing temperatures after initial thawing (900, 1200 and 1400 freezing hours and
then 1200 CH) in incubation experiments. Less than 1% of pseudosclerotia in the freeze
hour treatments germinated apothecia, and less than 5% of pseudosclerotia germinated
any structure, which was the lowest proportion of carpogenic germination observed in all
experiments conducted between 2015, 2016 and 2017.
Table 3.6: Average number of observed chill-hours and ‘freeze-hours’ (hours below 0°C)
over two winters using a standard time period, 10/7/2015 to 4/12/2016 and 10/7/2016 to
4/12/2017.
Year

Field

Closest Town
and County

Average Chillhours (hours
between 0°C
and 7.2°C) in
observed period

2015

Appleton

2675

2015

Crawford 1

2015

Little Oak

2015

Montegail 2

2015

Wesley

2016

Crawford 2

2016
2016

Hope
Montegail

2016

Spring Pond 2

Appleton,
Knox
Crawford,
Washington
Deblois,
Washington
Township 19,
Washington
Wesley,
Washington
Crawford,
Washington
Hope, Knox
Township 19,
Washington
Deblois,
Washington
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Average
number of
hours below
0°C in
observed
period
910

3073

898

2782

965

1896

2134

2480

2138

1504

2349

1282
1336

2516
2566

1789

2036

2016

Wesley

Wesley,
Washington

1854

1916

Carpogenic germination in three categories, all germinated structures, stipes and
pinheads, was similar across the three years, and the results are described together below
(Figures 3.1, 3.2 and 3.3). Total germination of all structures, stipes and pinheads did
increase with increasing CH levels in all years (Figures 3.1, 3.2 and 3.3). The CH regime
was different in all years, and in 2015 the maximum number of CH used was 1600, and
1600 CH had the maximum average number of pseudosclerotia producing total
germination, stipes or pinheads. Pseudosclerotia from the laboratory incubation
experiments of 2017 germinated the most on average for total germination, stipes,
pinheads and apothecia (Figures 3.1, 3.2, 3.3 and 3.4). The difference in germination
between years could have been related to the conditions experienced during chill-hour
accumulation by pseudosclerotia. In both the 2014/2015 and 2015/2016 experiments,
pseudosclerotia were buried under 2 cm of BBHF collected soil while accumulating chillhours in the field. In 2016/2017, the pseudosclerotia were covered with 2 cm of duff
collected from BBHF. In 2014/2015, the soil moisture level used in CH experiments was
highly saturated early on in chill-hour accumulation, but treatments dried out over time
because there was no added water through the entire period of observation. In 2015/2016
the soil moisture level of the chill-hour experiments was maintained at 60% SMC. In
2016/2017 the soil moisture level was kept at saturation during chill-hour accumulation
and allowed to dry to 60% SMC. In both 2015/2016 and 2016/2017, weekly additions of
water were made to maintain 60% SMC.
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Average number of pseudosclerotia
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Figure 3.1: Average number of pseudosclerotia producing any structure in laboratory
incubation studies over three years (white circle = 2015, black square = 2016, grey
triangle = 2017).
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Figure 3.2: Average number of pseudosclerotia producing stipes in laboratory incubation
studies over three years (white circle = 2015, black square = 2016, grey triangle = 2017).
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Average number of pseudosclerotia
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Figure 3.3: Average number of pseudosclerotia producing pinheads in laboratory
incubation studies over three years (white circle = 2015, black square = 2016, grey
triangle = 2017).
Germination of apothecia differed across CH levels, fields and years (Figure 3.4).
The difference between 2017 and the other two years were not as pronounced as with
stipes and pinheads. In most of the CH levels, germination of apothecia was greatest in
2017, although 2015 produced greater numbers of apothecia on average at 1200 and 1400
CH. In 2015, the maximum germination of apothecia was 8.6% on average at 1500 CH.
Pseudosclerotia from Little Oak germinated 10% in 2016 at 2200 CH, but most of the
other treatments germinated less than 5% apothecia. The average number of apothecia
was 20% from Montegail 3 at 2800 CH in 2017. It is possible that differences in
germination between years could be related to soil moisture conditions and soil surface
position during chill-hour accumulation.
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In 2015/2016, we investigated the effects of a secondary chill-hour accumulation
period on carpogenic germination. In the first part of the experiment, chill-hours were
tested from 800 to 2380 hours and then after initial germination, a second chill-hour
experiment the pseudosclerotia to another 1200 CH and observed their germination. The
overall germination in the first chill-hour experiment was lower than compared to the
other two years, which may have been related to soil moisture. After the second chillhour accumulation, germination was even lower, with less than 5% germination from all
categories, in comparison to the first period of observed germination.
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Figure 3.4: Average number of pseudosclerotia producing apothecia in laboratory
incubation studies over three years (white circle = 2015, black square = 2016, grey
triangle = 2017).
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Table 3.7: Summary of linear regression models relating chill-hour level to carpogenic
germination by pseudosclerotia using data grouped from all chill-hour incubation
experiments.
Structures
modeled

Parameter
Estimate of
Chill-hours
All Germination 0.0036
Stipes
0.0029
Pinheads
0.0034
Apothecia
0.0013

Standard
Error

tvalue1

p-value

Adjusted
R-squared

0.00037
0.00034
0.00033
0.00013

9.6
8.8
10.6
9.7

<0.0001*
<0.0001*
<0.0001*
<0.0001*

0.23
0.20
0.27
0.24

ShapiroWilk pvalue2
<0.0001
<0.0001
<0.0001
<0.0001

1 = t-value is the test statistic defined by the parameter estimate divided by the standard error.
2 = Shapiro-Wilk p-values above 0.05 indicate normal distribution of residual standard error terms.

Total carpogenic germination and germination of individual structures increased
with increasing levels of CH accumulation. However, the necessary model assumption of
normally distributed residual standard error terms was not met (Table 3.7). None of the
data manipulations tested produced normally distributed residuals. Data transformations
attempted were: square root of the arcsine of proportion data, log transformation, and
adding 0.0001 to each value. In general, due to the large number of 0 values in our
observations, none of the transformations could account for the zero inflated data.
Carpogenic germination data was analyzed using CH as a descriptor by field, and almost
none of the relationships were significant while meeting the necessary model
assumptions. In order to broadly describe data from all years, alternative models were
explored, such as GLMs and GLMERs.
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3.3.2: Binomial Linear Model with Random Effects Describing Carpogenic
Germination
Table 3.8: Generalized linear mixed effect models describing grouped data from all years
comparing germinated structures to the fixed effect of different chill-hours/500 with a
random effect of field.
Model

Parameter
Estimate
0.09

Total
Germination
Total Stipes 0.05
Total
0.17
Pinheads
Total
0.53
Apothecia

Standard
Error
0.03

z-value1

p-value

AIC2

3.5

0.0005*

1448

0.03
0.03

1.8
5.8

0.07
<0.0001*

1379
1275

0.05

9.9

<0.0001*

802

1= z values represent the test statistic derived by dividing the parameter estimate by the standard error.
2 = AIC estimates the goodness of fit for models, lower AIC means a better fitting model.

The log odds of successful germination of pinheads, apothecia, and total
germination of structures increased significantly for each increment of 500 chill-hours
(Table 3.8; p<0.05). The probability of successful germination of stipes did not increase
with increasing CH/500. Calculating ex where x is defined as the parameter estimates
(Table 3.8), the expected increase in the probability of success for every 500-hour step in
CH above 800 CH is as follows: total germination increases 1.1%, total pinheads
increases 1.9% and total apothecia increases 4.6%.
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3.3.3 The Effects of Soil Moisture and Incubation Temperature on Carpogenic
Germination
Developing the most descriptive, and simplest model possible to describe
germination relative to different environmental variables resulted in two types of
generalized linear models (GLMs) depending on the category of carpogenic germination.
The first GLM, which was applied to total germination and germination of stipes
modeled germination in response to CH, IT and PM. The second GLM was applied to the
germination of pinheads and apothecia since only chill-hours and incubation temperature
were descriptive in linear modeling. Percent soil moisture was removed as a predictor of
germination apothecia and pinheads because none of the beta estimates for PM
significantly described any of the variation in germination of apothecia.
Table 3.9: Generalized Linear Model describing total pseudosclerotia germinating any
structure based on chill-hours, incubation temperature and percent soil moisture.
Parameter
Description
Random Intercept
Term
Chill-hours
compared to
CH1150

Incubation
Temperature
Compared to
IT10
Percent Moisture
compared to
PM50

Coefficient

z value

p-value

Intercept

Parameter Standard
Estimate Error
-4.71
0.3

-18.5

<0.0001*

CH1200
CH1500
CH1850
CH2000
CH3000
IT13
IT16

1.82
-0.37
-0.37
2.50
1.95
0.08
0.20

0.2
0.2
0.2
0.2
0.2
0.1
0.1

11.3
-1.8
-1.8
15.7
12.1
1.4
3.5

<0.0001*
0.08
0.08
<0.0001*
<0.0001*
0.15
0.0005*

PM60
PM70
PM75
PM85

1.54
1.55
0.43
0.97586

0.3
0.3
0.3
0.3

6.0
5.9
1.4
3.7

<0.0001*
<0.0001*
0.2
0.0002*
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The effects of the independent variables, CH, IT and PM, on the total germination
of all structures (Table 3.9) and germination of stipes (Table 3.10) were the same and are
described together below. The CH levels 1200, 2000 and 3000 all had significantly
higher probability of successful germination compared to 1150 CH (Table 3.9 and 3.10,
p<0.05). Total germination for 1500 CH and 1850 CH were not significantly greater than
1150 CH (p>0.05). The probability of success for total germination at 16°C was
significantly higher than germination at 10°C (p<0.05). Total germination at 13°C was
not significantly different from the germination occurring at 10°C (p>0.05). Relative to
percent soil moisture, total germination was greater at 60% SMC, 70% SMC, and 85%
SMC compared to 50% SMC (p<0.05). Total germination at 75% SMC was not
significantly different from 50% SMC (p>0.05).
Table 3.10: Generalized Linear Model describing total pseudosclerotia germinating stipes
depending on chill-hours, incubation temperature and percent soil moisture.
Parameter
Description
Random Intercept
Term
Chill-hours
compared to
CH1150

Incubation
Temperature
Compared to IT10
Percent Moisture
compared to PM50

Coefficient

Standard
Error
0.3

z value

p-value

Intercept

Parameter
Estimate
-4.78

-18.1

< 0.0001*

CH1200
CH1500
CH1850
CH2000
CH3000
IT13
IT16

1.98
-0.35
-0.29
2.64
2.06
0.11
0.13

0.2
0.2
0.2
0.2
0.2
0.1
0.1

11.5
-1.6
-1.3
15.4
11.9
1.9
2.3

< 0.0001*
0.1
0.2
< 0.0001*
< 0.0001*
0.06
0.02*

PM60
PM70
PM75
PM85

1.42
1.4
0.41
0.85

0.3
0.3
0.3
0.3

5.4
5.2
1.3
3.1

< 0.0001*
< 0.0001*
0.2
0.002*
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Table 3.11: Generalized linear model describing germination of pinheads using chillhours and incubation temperature as explanatory variables in a generalized linear model.
Parameter
Description
Random Intercept
Term
Chill-hours
compared to
CH1150

Incubation
Temperature
Compared to IT10

Coefficient

z value

p-value

Intercept

Parameter Standard
Estimate
Error
-5.8
0.4

-16.4

< 0.0001*

CH1200
CH1500
CH1850
CH2000
CH3000
IT13
IT16

3.4
0.2
0.5
4.5
4.2
0.2
0.2

9.5
0.5
1.1
12.7
11.9
2.5
3.3

< 0.0001*
0.6
0.3
< 0.0001*
< 0.0001*
0.01*
0.0009*

0.4
0.5
0.5
0.4
0.4
0.07
0.07

The log odds of pseudosclerotia successfully producing pinheads were
significantly higher at 1200 CH, 2000 CH and 3000 CH compared to 1150 CH (Table
3.11, p<0.05). Successful germination of pinheads was significantly greater at both 13°C
and 16°C compared to 10°C (p<0.05). Percent soil moisture did not significantly describe
any variation in the germination of pinheads, and that factor was removed from the
model.
Table 3.12: Generalized linear model describing germination of apothecia based on chillhours and incubation temperature.
Parameter
Description
Random
Intercept
Term
Chill-hours
compared to
CH1150

Incubation
Temperature
Compared to
IT10

Coefficient

Parameter Estimate

z value

p-value

-6.7

Standard
Error
0.5

Intercept

-13.0

< 0.0001*

CH1200
CH1500
CH1850
CH2000
CH3000
IT13
IT16

0.3
0.4
-0.2
3.2
3.2
-0.004
0.6

0.6
0.6
0.7
0.5
0.5
0.1
0.1

0.4
0.6
0.0
6.4
6.4
-0.3
4.2

0.6
0.5
1.000
< 0.0001*
< 0.0001*
0.8
< 0.0001*
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The probability of pseudosclerotia successfully germinating apothecia increased
significantly at 2000 CH and 3000 CH compared to 1150 CH (Table 3.12, p<0.05).
Significantly more apothecia were produced at 16°C compared to both 10°C and 13°C.
Soil moisture content was not a significant factor in describing germination of apothecia.
3.3.4 Post-chill Environmental Effects on Carpogenic Germination
Table 3.13: Binomial general linear regression mixed effect model summary describing
germination of apothecia vs. chill-hours divided by 500 (CH/500) and post-chill-degreedays divided by 50 (PCDD/50) and the random effect of field.
Parameter
Intercept
PCDD/50
CH/500

Parameter
Estimate
-7.2
0.1
1.1

Standard
Error
0.3
0.01
0.05

z-value

p-value

-21.9
8.9
24.7

< 0.0001*
< 0.0001*
< 0.0001*

The summary of the GLMER using two continuous explanatory variables, postchill-degree-days divided by 50 (PCDD/50) and chill-hours divided by 500 (CH/500),
describes the log odds of pseudosclerotia successfully germinating apothecia while
accounting for random variation between fields, percent soil moisture and years using the
random effect of field (Table 3.13). The model parameters show the probability of
apothecial germination increased significantly with increasing CH/500 and PCDD/50,
and that increasing CH/500 had a greater effect on apothecial germination compared to
PCDD/50.
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Figure 3.5: Using the parameter estimates from Table 3.13, the six lines represent
the probability of successful germination of apothecia according to increments CH in a
descending order of chill-hour accumulation from 3000, 2500, 2000, 1500, 1000 and 500
CH, illustrated from left to right, respectively.
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The point at which the horizontal line intersects with the model estimates (Figure
3.5) represents the number of accumulated PCDD needed for 25% of the maximum
predicted number of pseudosclerotia to produce apothecia for each CH level. Using
GLMER parameter estimates from Table 3.13, the equation, PCDD = 2929 –1.01*CH,
was developed to estimate the number of degree-days needed to reach 25% successful
germination of apothecia for any level of chill-hours (Figure 3.6).

Figure 3.6: Relationship between chill-hours divided by 500 to the required degree-days
divided by 50 required to produce 25% of maximum germination of apothecia.
The negative linear correlation between PCDD and CH was interpreted as
follows: as CH increase, the number of accumulated degree-days needed to reach 25%
pmax decreases significantly (Figure 3.6).
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3.3.5 Common Garden Experiment of 2014/2015
The common garden experiment was designed to test for differences in
germination based on the location of the blueberry field in which pseudosclerotia were
collected. In the first year (2014/2015 trial), there was no barrier or method of
containment for keeping pseudosclerotia inside the experimental plots. Therefore when
the plot was flooded, all of the pseudosclerotia moved around leaving no way to
positively identify which individuals belonged to which field. Because there were so few
pseudosclerotia that germinated in plots, the results from 2015 were dropped from the
analysis.
3.3.6 Common Garden Experiment Set Up in 2015 and Observed in 2016 and 2017
In the common garden ANOVA model comparisons using combined data from
2015/2016 and 2016/2017, there were two different types of models written to describe
these data. The first ANOVA described overall germination and total germination of
stipes, which included block, field and year as the explanatory variables. The second
ANOVA compared germination of pinheads and apothecia over different levels of field,
year and the interaction between field and year. The interaction between year and field
did not have a significant effect in overall germination or germination of stipes. These
two different ANOVAs were used to develop standard models based on maturity class to
describe germination data.
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Figure 3.7: Total germination of pseudosclerotia from five fields in two years of common
garden experiment set up in 2015 and observed in 2016 and 2017.
Table 3.14: Effect of block, field and year on describing total germination of any
structure using data from the common garden experiment set up in 2015 and observed in
2016 and 2017.
Parameter
Field
Block
Year

DF
4
3
1

Sum Sq
2.6
1.2
0.3

Mean Sq
0.6
0.4
0.3

F value
8.2
5.3
3.7

Pr(>F)
0.0002*
0.005*
0.06

There were significant differences in the total number of pseudosclerotia
producing any structure based on field (Table 3.14, Figure 3.7). Appleton had
significantly lower germination on average compared to all four of the other fields (Table
3.14, p<0.05 and Figure 3.7). None of the other four fields, Crawford 1, Little Oak,
Montegail 2 and Wesley were significantly different from one another. There were
significant block effects; block 1 had significantly greater numbers of germinating
pseudosclerotia compared to blocks 3 and 4 (Table 3.14, p<0.05). Carpogenic
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germination did not vary significantly between any of the other blocks. Year was not a
significant factor in describing total germination, but as a predictor, it did improve the fit
of the model. The ANOVA model residuals were normally distributed (p= 0.9319), while
the ANOVA excluding year did not meet the assumption of normally distributed
residuals.
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Figure 3.8: Total germination of stipes from five fields in two years of common garden
experiment set up in 2015 and observed in 2016 and 2017.
Table 3.15: Effects of block, field and year on describing the germination of stipes using
data from the common garden experiment set up in 2015 and observed in 2016 and 2017.
Parameter
Field
Block
Year

DF
4
3
1

Sum Sq
118.2
132.5
115.6

Mean Sq
29.5
44.2
115.6

F value
2.4
3.6
9.5

Pr(>F)
0.07
0.02*
0.004*

Shapiro-Wilk test p = 0.1628

There were differences in the germination of stipes between block, field and year
overall (Figure 3.8) and significant differences among blocks and between years (Table
3.15, p<0.05). The pairwise comparisons did not indicate any differences in the
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germination of stipes between any of the combinations of two fields or any of the
combinations of two blocks. However, there were significantly greater numbers of stipes
observed in 2016 compared to 2017. The lack of difference in germination of stipes
between fields or blocks could be due to large standard error terms (Figure 3.8).
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Figure 3.9: Total germination of pinheads from five fields in two years of common
garden experiment set up in 2015 and observed in 2016 and 2017.
Table 3.16: Effects of block, field and year on describing the number of germinating
pinheads using data from the common garden experiment set up in 2015 and observed in
2016 and 2017.
Parameter
Field
Year
Field*Year

DF
4
1
4

Sum Sq
151.8
105.6
76.8

Mean Sq
37.9
105.6
19.2

F value
4.4
12.3
2.2

Pr(>F)
0.006*
0.001*
0.09

The number of pseudosclerotia germinating pinheads differed significantly based
on field, and year (Figure 3.9, Table 3.16). Germination of pinheads from Crawford 1,
Little Oak, Montegail 2 and Wesley was significantly greater than that of Appleton
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(Figure 3.9). None of the other fields were significantly different from each other. There
were significantly fewer pinheads in the spring of 2017 compared to the spring of 2016
(Table 3.16, p = 0.01). The interaction term between field and year was not significant,
but did help in the fitting of the ANOVA models. The residuals of the model were
normally distributed with a Shapiro-Wilk p-value of 0.058.
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Figure 3.10: Total germination of apothecia from five fields in two years of common
garden experiment set up in 2015 and observed in 2016 and 2017.
Table 3.17: Effects of field and year on describing the germination of apothecia using
data from the common garden experiment set up in 2015 and observed in 2016 and 2017.
Parameter
Field
Year
Field*Year

DF
4
1
4

Sum Sq
43.65
34.22
32.65

Mean Sq
10.91
34.22
8.16

F value
2.193
6.879
1.641

Pr(>F)
0.09
0.01*
0.2

There were no significant differences in the numbers of pseudosclerotia
germinating apothecia between different fields (Figure 3.10, Table 3.17). However there
were differences in the number of pseudosclerotia producing apothecia between the two
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different years within each field. There were more apothecia in total during the spring of
2017 compared to 2016 (Table 3.17, p = 0.01). Although the standard error terms were
large in some means, the common garden apothecia ANOVA model residuals were
normally distributed with a Shapiro-Wilk p-value of 0.1206.
3.3.7 Common Garden 2016/2017
The analysis that was run on the common garden experiment that was set up in
2015 and observed in 2016 and 2017 was repeated on the common garden data from
2016/2017. One of the explanatory variables, year, was not appropriate because the plots
were set up in the fall of 2016 and observed in the following spring resulting in only one
year of observations for these treatments. Overall, germination of apothecia was very
low, and only about 2% of pseudosclerotia from all of the different fields produced
apothecia. There were more pinheads compared to all other structures, which could have
been related to a period of drought that was observed during carpogenic germination.
Four different ANOVAs were used to describe the germination of stipes, pinheads,
apothecia and the sum of all carpogenic germination. There were no significant
differences between the numbers of pseudosclerotia observed to germinate any structure
based on field (Figure 3.11, Figure 3.12, Figure 3.13 and Figure 3.14). The pairwise
comparison of the number of pseudosclerotia germinating stipes by block indicated that
Block 1 had fewer stipes compared to all of the other three blocks. All of the ANOVA
models had normally distributed residual error terms (Shapiro-Wilk p-value > 0.05).
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Figure 3.11: Total germination from the common garden 2016/2017 experiment.
14
12
10
8
6
4
2
0
Crawford2

Hope

JuniorGrant Montegail3 SpringPond2

Figure 3.12: Total germination of stipes from the common garden 2016/2017 experiment.
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Figure 3.13: Total germination of pinheads from the common garden 2016/2017
experiment.
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Figure 3.14: Total germination of apothecia from the common garden 2016/2017
experiment.
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3.4: Discussion
Prior to carpogenic germination from MVC in the spring, a period of dormancy is
required for maturation to occur (Batra, 1983; Milholland, 1974). Laboratory incubation
studies have reported chill-hours to be a strong predictor of apothecial development from
MVC pseudosclerotia (Milholland, 1974; Scherm et al. 2001a). However, the effects of
chill-hours appear to vary from region to region. For example, MVC collected from
rabbiteye blueberry in Georgia required a minimum of 130 chill-hours before regularly
producing apothecia (Scherm et al. 2001a), and in North Carolina, Milholland (1977)
reported approximately 900 chill-hours were needed to produce apothecia normally. Our
results showed a minimum of 800 chill-hours was required before any apothecial
emergence begins. In the first two years of our incubation trials, the minimum chill-hour
used was 800 hours. Only one pseudosclerotium produced an apothecium at 800 chillhours in experiments run in 2014/2015 and 2015/2016. Apothecial germination did not
differ significantly amongst CH levels above 1200. The binomial GLMER model had a
significant positive linear relationship between CH and apothecia. When CH was used as
the only fixed effect in the GLMER models to describe individual stages of carpogenic
germination, increased chill-hours were significantly correlated with an increase in all
types of germination, except stipes.
The effects of chill-hours appear to differ across geographical region, and it is
likely that MVC has locally adapted to both environmental conditions and host
phenology in Maine. For example, Scherm et al. (2001) reported increased proportion of
pseudosclerotia producing apothecia with increasing chill-hours, up to a plateau point that
was reached at about 700 chill-hours. Based on my experiments in Maine, carpogenic
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germination also increased with increasing CH. On average, there was increased
apothecial emergence with increasing chill-hours across all three years, but not at every
CH level. The maximum number of pseudosclerotia producing apothecia was observed
between 2800 and 3000 chill-hours in 2016/2017.
Both increasing chill-hours and accumulated degree-days favor the development
of apothecia. Milholland (1974) reported 70% of pseudosclerotia produced apothecia at
16°C, but only 3% of mummies from the same field produced apothecia at 10C during
the first two weeks of observation. Scherm et al. (2001) reported a significant interaction
between chill-hours and post-chill temperature described by a predictive model, which
takes into account the thermal time (defined as accumulated degree-days with a base
temp of 7.2C) at each level of cumulative chill-hours. The model described an interaction
between CH and degree-days, in which treatments with greater numbers of chill-hours
germinated apothecia faster than treatments with low chill-hour accumulation. Scherm et
al. (2001) hypothesized that the relationship between chill-hours and degree-days was a
compensatory mechanism where a small proportion of pseudosclerotia will germinate
under a vast array of environmental conditions and produce apothecia. They suggested
that pseudosclerotia experiencing relatively low chill-hours would still be able to
germinate given a sufficient number of degree-days. In contrast, pseudosclerotia
experiencing large numbers of chill-hours would produce carpogenic structures after a
shorter number of accumulated degree-days. Our data did not support the hypothesis that
pseudosclerotia experiencing low chill-hours will germinate given a large number of
post-chill-degree-days given that pseudosclerotia accumulating less than 1000 chill-hours
consistently produced the least amount of carpogenic structures, even after being
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observed for hundreds of accumulated degree-days. Scherm et al. (2001) used a base
temperature of about 7°C for counting degree-days, while we used a base temperature
0°C due to the fundamental differences in climate between Maine and the southern state
such of Georgia.
Generating a similar linear model to Scherm et al. (2001), our incubation data
supports the hypothesis that as chill-hours increase, increasing numbers of apothecia are
produced over a shorter number of degree-days. This linear model could be used to
predict apothecial development based on chill-hours and degree-days. Two variants of a
GLMER were written to describe carpogenic germination. The only difference between
the models was the inclusion of an interaction term between chill-hours/500 and postchill-degree-days. The interaction between the two predictors was significant, but the
AIC was lower for the model with no interaction so in the interest of generating a model
that would make sense to scientists and farmers, the model was fit with two predictors
and no interaction. If this model can be validated using field data, the resulting model
could inform decision making in mummy berry management based on when apothecia
are present in fields.
Other environmental factors are also important as predictors of apothecial
emergence. Milholland (1974) tested incubation temperatures between 5-27°C and found
overall germination was highest at 10 and 16°C, and apothecial emergence was
significantly greater at 16°C. In our incubation studies, the probability of pseudosclerotia
producing apothecia increased significantly with elevated incubation temperatures. The
greatest number of apothecia were consistently produced at 16°C, compared to 10 and
13°C. The same was true for the emergence of stipes, which was greatest at 16°C.
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Soil moisture has also been reported as a strong predictor of carpogenic
germination. Milholland (1974) reported only one pseudosclerotium germinated at 18%
SMC, with approximately 80% of pseudosclerotia germinating at 42% SMC. In contrast,
Scherm et al. (2001) reported no significant difference between germination in saturated
sand compared to pseudosclerotia incubated in distilled water. We used soil moisture as a
factor for analysis over two years. In our studies, there were no significant differences
between germination at 50 and 75% SMC, which represented the low end of observed
germination. In comparison, the 60, 70 and 85% SMC treatments germinated
significantly more in total structures and in the germination of stipes. The GLMs
describing the three-factor germination studies examining chill-hours, incubation
temperature and soil moisture content did not show a significant effect of soil moisture on
the germination of pinheads and apothecia. It appears as though soil moisture is necessary
for optimal emergence of stipes, but is not an important determinant of the maturation of
carpogenic structures in the same way as incubation temperature and chill-hours.
Germination of stipes requires favorable environmental conditions to occur, consisting of
adequate soil moisture (generally greater than 50% SMC), moderate air temperatures
(above 10°C) and a minimum of about 800 chill-hours.
The weight of pseudosclerotia was not useful in predicting carpogenic
germination from MVC pseudosclerotia. Field location also did not seem to be a
significant factor in carpogenic germination, although there were observed differences in
germination based on field. We included five fields in each year for common garden
experiments and three to four fields for the incubation experiments. The lack of
differences in common garden germination between fields supports the notion that MVC
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has adapted in relation to host phenology and tissue susceptibility. Due to the vast genetic
diversity observed among lowbush blueberry clones, it makes sense that there would not
be differences in the timing of germination between fields. Most fields are composed of
10s to 100s of clones with variation in timing of bud development in the spring. It would
be advantageous for MVC to produce apothecia at a time when most of these clones are
susceptible, which typically overlaps in the fields that were studied (S. Annis, personal
communication).
Initially, it had been thought that most MVC pseudosclerotia germinated and
released ascospores in the following year of their development. The common garden
experiment set up in the fall of 2015 and observed in the following spring seasons (2016
and 2017) showed fewer structures being produced overall in 2017 compared to 2016.
Although overall germination was lower in the second season, there were still more
apothecia produced compared to 2016. There is a possibility that MVC has adapted to
release primary inoculum in a biennial cycle, when lowbush blueberry hosts have tissue
that is available for infection. In prune years, new vegetative shoots do not appear until
later in May and June and do not typically overlap most of the production of apothecia. It
is likely that environmental factors, such as CH, soil temperature and SMC also have an
impact on when pseudosclerotia germinate.
Differences in field CH accumulation between 2015/2016 and 2016/2017 were in
the range of 1000 hours. In Maine, annual differences in climate can be extreme, and with
projected climate changes in the northeast (Fernandez et al. 2015). We studied carpogenic
germination from MVC pseudosclerotia over a wide range of CH, 800 to 3000 hours,
which at the low end were similar to those of Scherm et al. (2001) and Milholland (1974)
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and in the rest of the range overlapped CH found over two years in Maine blueberry
fields. There were also substantial differences in chill-hours and ‘freeze-hours’ from
different fields in Maine. During field CH observation, it was found that large numbers of
hours below 0°C in the soil surface environment between October and May duriung the
overwintering process. In 2015, freeze-hour accumulation ranged between 898 and 2138
hours and in 2016 the range of freeze-hours was 1916 to 2566 hours. The effects of
freezing in pseudosclerotia are not well understood. In our studies, carpogenic
germination of apothecia from pseudosclerotia exposed to relatively high numbers of
‘freeze-hours’ was drastically reduced (<1%), but pseudosclerotia had been frozen and
thawed multiple times during our experiment, which could have reduced germination.
None of the other incubation studies (Milholland, 1974; Scherm et al. 2001a) reported on
the impacts of sub-zero temperatures on carpogenic germination.
In 2016, we tested the effects of multiple periods of CH accumulation to better
understand carpogenic germination over two years. Pseudosclerotia did germinate after
the second CH accumulation, but at a much lower rate. We do not know which
pseudosclerotia germinated in each trial. Reduced germination from pseudosclerotia
during secondary germination was contradicted by our common garden experiments, in
which germination of apothecia was greater in the second year. However, differences in
soil moisture and total accumulated CH between the lab and common garden experiment
may explain part of the differences. Another factor may have been soil moisture in the
common garden experiment since it was very dry in the spring of 2016 and very wet in
2017.
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In laboratory CH experiments, total germination was lower compared to other
incubation studies of similar design. For example, Milholland (1974) reported
approximately 70% of pseudosclerotia produced apothecia in his incubation studies and
Scherm et al. (2001) reported about 38% of the pseudosclerotia in their highest CH levels
produced apothecia. Both of these studies have much greater germination than our
maximum observed germination of apothecia, which was less than 20% in all fields in all
years. It is possible that the size of pseudosclerotia being produced on V. ashei and V.
corymbosum, which have with larger fruit and subsequently larger pseudosclerotia, could
influence carpogenic germination. There have not been any direct comparisons between
the germination of apothecia from pseudosclerotia produced on different Vaccinium
hosts. We found no effect in the range of sizes of pseudosclerotia from lowbush
blueberry in our field and laboratory germination experiments.
Monilinia vaccinii-corymbosi is an interesting fungal pathogen due to its host
specific nature, and relatively unique life history strategy. A considerable amount of
research has been done to improve mummy berry management. Maximizing yield
through efficient crop management is necessary in the current blueberry market, which is
highly competitive. The single most destructive fungal pathogen on blueberry crop yields
is MVC, and managing this fungus during the time of apothecial emergence is the most
effective way to reduce primary infection and subsequently secondary infection events.
The primary goal of our studies was to uncover the factors influencing the germination of
apothecia, and the specific points in MVC life history that can be exploited for disease
management. A predictive model based on our laboratory studies on carpogenic
germination using CH and PCDD was developed and could be used in the future for field
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validation to test the accuracy of the model. Using data from incubation studies in
combination with field collected weather data, it is possible to develop a predictive model
to be used in conjunction with the MBFS to warn growers of peak emergence of
apothecia based upon winter CH conditions, spring air temperature and observations of
pseudosclerotia field plots by scouts. Reducing incidence and severity of mummy berry
infection could result in a more stable yield, and reduced input costs long term.
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